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Abstract
Ground Penetrating Radar (GPR) is a geophysical tool that images the subsurface and has
gained acceptance across a myriad of fields. It is because of this non-destructive method that
GPR has been used effectively in archaeological and forensic prospection to locate unmarked
or clandestine burials where minimal disturbance is imperative. Prevailing scenarios that are
commonly seen in both forensic cases and the archaeological record are the use of both lime
(CaO or Ca(OH)2) and gypsum (CaSO4.2H2O). The custom of human remains covered in lime
or gypsum has been linked to several phenomena perpetuated throughout human antiquity.
Additionally, mummified remains are also seen in both archaeological cases in the context of
ritualistic preservation or in forensic circumstances in relation to unintentional corpse
concealment in potential homicide investigations. This study aims to address the efficacy of
GPR to detect these burial scenarios. At the Australian Facility for Taphonomic Experimental
Research (AFTER), six human remains were buried with either lime, with gypsum, buried postmummification, or naturally. A GPR and total station survey was conducted over the
experimental graves in order to acquire two-dimensional datasets for analysis at 1-3 years after
initial internment. Additionally, raw data from Schotsmans et al.’s 2015 GPR survey on similar
burial scenarios in Belgium was processed to conduct a comparative analysis between the two
studies. Results revealed prominent hyperbolic reflections in the dataset collected from the
GPR survey in Belgium while no strong hyperbolic reflections were produced in the dataset
associated with the GPR survey conducted at the AFTER facility. Mechanical issues related to
the GPR were confirmed by another dataset collected at the facility at the same time which did
detect graves with prominent hyperbola. This study confirms that even in a controlled setting,
the detection of archaeological burial scenarios is challenging as the many factors that affect
geophysical equipment is proven to be complex as well as the instrument itself. Therefore, this
study highlights the need for further experimental research using geophysical equipment and
to be aware of factors that may negatively affect the GPR response.
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Chapter One
1. INTRODUCTION TO PROJECT
1.1 Introduction and Research Aims
Archaeological prospection relies heavily on the notion that historically rich areas must not
suffer from intrusive damage that may potentially destroy invaluable evidence (Goodman &
Piro 2013; Jol 2008; Zhao et al. 2015). Unfortunately, due to the invasive nature that is part of
archaeological excavation, the attempt to create minimal disturbance is difficult to achieve
(Bladon et al. 2011). Therefore, in an attempt to reduce such detrimental outcomes, the
incorporation of geophysical, non-invasive techniques has been considered and widely applied
in archaeological, geotechnical, and environmental investigations (ibid). Indeed, the
employment of remote sensing methods enables exploration of subsurface material in a nondestructive manner which in turn demonstrates a culturally appropriate approach when
surveying sensitive sites (Goodman & Piro 2013; Jol 2008; Koppenjan et al. 2003 Zhao et al.
2015). This will greatly assist in preventing damage to artefacts that are essential to
understanding our human story, such as the remains of Homo floresiensis, whose claimed
asymmetry of cranial specimen (LB1) is attributed to artefact damage during excavation, a
consequence that geophysical techniques may have prevented (Zeitoun, Barriel & Widianto
2016). However, while this has been acknowledged, there remains scope for further research
in regards to the potential of a particular geophysical technique known as Ground Penetrating
Radar (GPR), a geophysical tool that images the subsurface in high resolution, in regard to
archaeological inhumations involving human remains. Specifically, the extent to which GPR
can detect buried remains and the variables that determine the limit of its detection potential
(Carcione et al. 2017).
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The current study builds on data acquired by Schotsmans et al.’s 2011/2014 study which was
designed based on two main objectives. First, the study aimed to examine both the effects of
quicklime and hydrated lime (chapters 2.4-2.6) on the decay of human remains and the
associated micro-environment (Schotsmans et al. 2014). Second, the study aimed to determine
the effectiveness of GPR in the detection of buried limed and un-limed pig (Sus Scrofa)
remains used as human analogues. By comparison, this project aims to determine the
suitability of GPR for the detection of different burial scenario (natural mummification,
gypsum burial, and lime burial) in two contrasting environments (Australia and
Belgium) and remains (pig and human). To achieve these aims, data collected from a GPR
survey eight years and ten months post-internment of the buried limed and un-limed remains
used in Schotsmans et al.’s study was processed and interpreted at the University of
Wollongong as part of the preliminary stages of this thesis under subject codes EESC229 and
ARCH301. These findings were taken into account during the experimental design of the
current study which was conducted at the Australian Facility for Taphonomic Research
(AFTER). It was here where the modelling of four different burial scenarios using human
donors was conducted in order to examine the effectiveness of GPR when detecting similar
scenarios using human remains.
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1.2 Background
The appeal of GPR in archaeological investigations stems from its non-invasive nature and
has since been considered an ideal technology to survey especially sensitive archaeological
sites and material without causing damage (Goodman & Piro 2013). As a result, GPR has
developed into a rapidly growing field undergoing tremendous progress in the refinement of
its theory, technique and technology (Zhao et al. 2015). GPR is based on the penetration of
an EM signal and is therefore regarded as a highly versatile, non- destructive method
(Dougherty, Choi & Dosseto 2016). GPR is a real-time approach that utilises high frequency
radio waves to generate data that displays very high resolution in a short amount of time
(Goodman & Piro 2013). This occurs due to electromagnetic waves travelling at a fixed
velocity that is controlled by the permittivity, conductivity, and permeability of the
subsurface material (ibid). Radar energy transmitted from the GPR antenna is not linear but
rather emitted in a conical shape (Zhao et al. 2015). This is a consequence of the differences
between the two-way travel time at the edge of the cone being longer, and the time directly
beneath the antenna being almost immediate. It is because of this stark contrast in two-way
travel time that targets are recorded at different intervals further down the profile (Goodman
& Piro 2013). As the antenna moves towards the target, transmitting energy in a conical
shape, the distance between the two decreases until the antenna is directly over the target
(Fig. 1), which is known as peak amplitude (Hansen, Pringle & Goodwin 2014). Inversely,
distance increases as the antenna moves away from the target which ultimately results in
visible targets appearing in the data as hyperbola (Jol 2008). Due to its accuracy, popularity
and ability, the GPR methodology
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continues to become progressively more applicable and valid to a myriad of fields (Conyers
2016).

Fig. 1. Schematic diagram of the GPR method, point and planar GPR reflections and
simplified radargram (Scantech Geoscience, 2017).

Currently, GPR is employed on several types of archaeological mediums such as rock shelters
(Porsani, de Matos Jangelme & Kipnis 2010), open air sites (Grégoire, Halleux & Lukas 2003),
and burial mounds (Forte & Pipan 2008). Despite this, the GPR method in detecting buried
remains containing lime, gypsum and remains that have been naturally mummified have not
yet been adequately considered despite these scenarios being prevailing behaviours throughout
human antiquity (Van Strydonck et al. 2015). Additionally, it has not yet been considered that
the preservation properties of these scenarios may potentially assist GPR in burial detection,
producing stronger hyperbolic reflections (Schotsmans et al. 2015). Therefore, this project
intended to extensively utilise GPR in experimental archaeological research in order to define
and improve GPR’s ability in detecting ancient burial scenarios by determining whether
specific variables may influence reflection strength.
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The phenomenon of natural mummification has been extensively reported in both forensic and
archaeological literature as it has become a prevailing burial scenario throughout antiquity.
Natural mummification is the process by which the soft tissues of a corpse are preserved
without the application of artificial treatment and is ultimately defined as “the drying of tissue
in place of liquefying putrefaction” (Saukko and Knight, 2004). Typically, natural
mummification occurs where the surrounding environment has a lack of oxygen, is extremely
cold, or inversely, is an arid climate. As such, naturally mummified remains have been
discovered throughout the archaeological and forensic record buried in deserts, oxygen-poor
peat bogs and frozen in glaciers (Frerichs, Vidler & Gatzidis 2020; Hallegot et al. 2008;
Papageorgopoulou et al. 2015; Rollo et al. 2007) In all these scenarios, the result ultimately
leads to the water content within the soft tissue to drop below a critical threshold upon which
bacterial putrefaction is inhibited (Nurminen et al. 2017). The outcome of which causes the
tissues to “desiccate”, meaning that the body shrivels until dry, coriaceous remains of skin and
tendons surround the bone. While this funerary behaviour is perhaps most recognised from PreDynastic Egyptian burials (c.4400-3100 BCE), the oldest evidence of naturally mummified
remains is found within the Atacama Desert (Chile) and are dated back to 5000BCE
(Papageorgopoulou et al. 2015). Other notable examples of naturally mummified remains have
been discovered in China’s Taklimakan Desert (Hallegot et al. 2008) , in Alpine glaciers (Rollo
et al. 2007), and throughout the British Isles where peat bogs are plentiful (Frerichs, Vidler &
Gatzidis 2020; Pearson et al. 2005; Slepchenko et al. 2020). The evidence of natural
mummification within the archaeological record is well documented, hence, there has been
increasing literature on the decompositional nature in these different environments. However,
there is a need for a more detailed understanding on the effects natural mummification has on
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geophysical detection methods. This notion is vital as it will ultimately determine the
applicability of geophysical methods to such unique burial scenarios.

Throughout the archaeological record, certain materials have been found in burial contexts
where specific traditions can be attributed to the intentional placement of such substances.
One such material that is often seen throughout the record is lime (CaO or Ca(OH)2). It was
once believed that lime can be utilised to enhance the speed of decay, to reduce the
probability of detection, and to destroy all evidence of human soft tissue and bone
(Schotsmans et al. 2014). It has been heavily evidenced throughout Roman (3rd – 4th century
BCE) and early Christian burials (1st – 4th century CE), medieval burials (5th – 15th century
CE), post-medieval burials (16th – 17th century CE) and has persisted well into modern times
in clandestine graves and mass burials across the globe (Schotsmans et al. 2016).
Additionally, limed remains have also been uncovered in 19th century quarantine zones as a
disinfectant precaution (Halsall 1995). However, more recently, it has been associated with
criminality and forensic investigations (Van Denhouwe & Schotsmans 2015).

Other resinous substances were highly valued in antiquity to be utilised in ritual contexts,
specifically mortuary rites regarding the treatment of the body as well as buried offerings.
Burials containing gypsum (CaSO4·2H2O) have been encountered throughout Europe, North
Africa, the Near East and Australia (Siddall 2018). In gypsum related inhumations, the
presence of this mineral is mainly indicated by the formation of a gypsum plaster that has
formed a cast around the body or on isolated parts of the body. The discovery of gypsum in
such burials have been determined to either be naturally formed or intentionally placed
(Schotsmans et al. 2019). For example, in Turkey, the Neolithic settlement Çatalhöyük
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(7500-6400 BCE), gypsum was determined to have appeared on human remains as a result
of extensive evaporation and subsequent supersaturation of the mineral that is common
across the region (Clarke 2012).

Similarly, gypsum found on human remains discovered at the Cova des Pas in Menorca
(Spain) was interpreted to be a consequence of diagenesis occurring in the cave, specifically,
the oxidisation of organic sulphur emitted from the decomposing remains that subsequently
precipitated alongside calcium present in the substrate (Bergadà, Poch & Cervelló 2015). By
contrast, the intentional application of gypsum to interred human remains has been practiced
since the Pre-pottery Neolithic (c. 10000 – 6500 BCE) in mortuary rituals such as modelling
facial features of skulls with gypsum plaster, the construction of mortuary architecture, and
the creation of ornamental inclusions to be placed with the body (Strahan 1991). Intentional
use of gypsum has also been evidenced in Roman burials (York) in which remains have been
entirely encased by gypsum plaster (Brettell et al. 2015). Contemporary discoveries of the
intentional addition of gypsum in human burials can be seen in 19th century Australia. ‘Kopi’
mourning caps and eggs are gypsum artefacts that were placed in the grave of the deceased
(Goddard 1936). The discovery of these artefacts has been found in increasing numbers postcolonial settlement.

As the evidence indicates the universal and perpetuated use of natural mummification, lime
and gypsum plaster, it is clear that the methods for detecting inhumations of such
archaeological significance must be addressed, as discovery and subsequent analysis will not
only add to our human history, it will also lead to conservation management plans of
remains, as well as a heritage listings for sites where remains are found (Sayer 2017). Due
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to this study, it is feasible to envision that GPR surveys can be conducted in Australian sites
that are similar in nature to 19th century Europe, such as the Waterfall Sanatorium, a
neglected, overgrown forested area that contains the remains of over 2000 tuberculosis
sufferers (Kirby & Madsen 2009). It is conceivable that lime may have been used as a
bactericide to prevent the spread of tuberculosis based on the literature (Cho 2012), and this
hypothesis may provide invaluable insights in regard to Australia’s 19th century medicinal,
institutional and quarantine practices. Furthermore, great insight into Indigenous Australian
history can be retrieved using GPR surveys to detect gypsum artefacts such as Kopi
mourning caps and Kopi eggs, 40-60 of which were recently found on the eastern edge of
the Simpson Desert in 2019 (Hamm, Rowlands & Smith 2019). Finds such as these will
provide invaluable understanding of Indigenous Australian mortuary practices, ritual, and
complex social ranking. Indeed, the concept of treating the dead in such ways has
perpetuated throughout our antiquity and into the contemporary world. Thus, the importance
of investigating the detection of mummified, lime and gypsum treated remains are
imperative for both archaeological and forensic research.
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1.3 Project Outline and Scope
This thesis is divided into the following chapters: Chapter One introduces the project, its
novelty, and its relevance to archaeological and geophysical research. It also defines the
association between this thesis and former research by Schotsmans et al. (2011, 2014).
Chapter Two explores the literature regarding GPR and its current applications to
archaeological and forensic prospection as well as the archaeological burial scenarios that
were examined in this thesis. In Chapter Three, a synopsis of Schotsmans et al.’s 2011 and
2014 papers is provided to define the studies’ variables that this thesis built upon. Chapter
Three then explores GPR data that was collected during both Schotsmans et al. studies. This
data was processed (only partially due to technical difficulties) and analysed as part of the
preliminary stages of this thesis. From the interpretations of the data, factors that potentially
influenced results are discussed and rationalised based on the variables present within
Schotsmans et al.’s study. This chapter finishes with how these factors translate in the current
study conducted for this thesis. Chapter Four discusses the research questions, objectives, and
hypotheses of the current study and provides an overview of the study area. The experimental
design of the current study and the methods used to collect, process and analyse the data are
also defined here. Chapter Five presents the results of the analyses followed by a discussion
of the relevance of these results as well as the limitations. Additionally, a new dataset that was
collected at the same time as the data for this thesis is also introduced here to comparatively
analyse the two datasets. This is done with particular relation to the literature and specifically
to the parallels drawn between Schotsmans et al.’s studies and the current study. Finally,
Chapter Five presents the conclusions of this study and the recommendations for future
research are suggested.
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Chapter Two
2. LITERATURE REVIEW
2.1 Origins of Funerary Activity
The development of hominin mortuary customs yields deep significance and serves as a
direct indication of the evolution of funerary behaviours throughout our existence. The
origins trace back to the Pleistocene (c. 2.6 myr – 11.7 kya) where sites such as the Sima de
los Huesos at Atapuerca (Spain) reveals the genesis of the practice known as ‘caching the
dead’ (Pettitt 2010). That is, the organised deposition of a corpse, or isolated parts of a
corpse, in a designated location — i.e. in natural fissures, or the rear of a cave (ibid). This
phenomenon of caching the dead was confidently recognised within a Middle Pleistocene
(c. 1 myr) silty clay within the aforementioned Sima de los Huesos in Atapuerca; where over
4,000 fossils corresponding to approximately 28 Homo heidelbergensis individuals were
recovered (Pearson & Pearson 1999). Fortifying this argument is a lack of herbivore remains,
which reinforces the unlikeliness of carnivore activity, as well as the implausible nature of
28 individuals deposited in a cave due to natural accumulation and not without a degree of
human intervention (ibid). Therefore, the most feasible conclusion drawn from this site is
the deliberate disposal of hominin remains in locales that were considered dangerous, baron
and often equated with decay or disease; in essence, areas to be avoided from the living and
reserved for the deceased (Pettitt 2010).

21

Indeed, considering the evidence dates back to the Lower- Middle Pleistocene (c. 1 myr),
this suggests that the specific association of places in relation to the disposition of the dead
has had an extraordinarily long antiquity (Pearson & Pearson 1999). Ultimately, this site
serves as a testimony to hominin evolutionary history, highlighting the developed ability to
consciously invest in meaningful selection of appropriate locales in which to dispose of the
dead. What would have been the foundations of structured abandonment, inevitably
metamorphosed into conscious selection of an area to dispose of the dead and over time
established meaning to the aftermath of death. The individuals discovered throughout the
Sima de los Huesos demonstrate the possibility that such meaning had already manifested
itself half a million years ago and has thus been considered by many as ‘forming a significant
Middle Pleistocene sample highly relevant to the development of mortuary activity’ (Pettitt
2010).
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2.2 The Inception of Symbolic Inhumations
It is not until approximately ~120 thousand years ago (kya), that variability in mortuary and
funerary customs can be seen in the archaeological record (Draganits et al. 2015). It is at this
point that hominin mortuary behaviour transcends from funerary caching to physically
burying the dead, while applying funerary function to specific grounds. The earliest known
cases of inhumation derive from the Levant and are assigned to early Homo sapiens (300
kya) (Pettitt 2010). These predate those of the first recognised Neanderthal burials (70-60
kya) found closer to Europe and other regions in the Near East (ibid). Furthermore, these
burials signify the emergence of early modern human behaviour in the form of meaningful
funerary activity as they exhibit a level of ritualistic conduct. These can be viewed in the
forms of: applying pigment to or around the body, manipulating the body into a flexed
position (Fig. 2), and deliberate grave inclusions such as worked flints or tools, partial or
complete animal remains, and ornamental items (ibid, p. 49). Clearly, this can be considered
a significant development from earlier forms of disposal, and one that imparts a greater level
of nuance.

Fig. 2. Skhûl V burial plan. Illustrates orientation, flexed legs and boar mandible
(McCown and Keith 1939).
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A significant archaeological discovery where symbolic mortuary practices were evidenced was
found in Qafzeh (Israel) (Fig.3) – the site of some of the earliest Homo sapiens symbolic
burials. In particular, the child deposition revealed the inclusion of a limestone block atop the
body, and a relatively large antler and frontal bone of a red deer were placed by the hands and
head (Pearson & Pearson 1999). Indeed, as the placement of stone blocks being used as
architectural features; and the delicate placement of additional grave inclusions, this is the
richest known grave bearing evidence of deliberate burial inclusions with a cultural association
to the Middle Palaeolithic (300-30 kya).

Fig. 3. Qafzeh 11 burial. Note Antler positioned next to head. (Vandermeersch 1960).

Therefore, with the evidence considered, archaeologists can definitively conclude that a certain
level of importance was placed towards the treatment of the dead. The shift from funerary
caching to intentional burial and occasional grave inclusions and markers highlight the fact that
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funerary practices shaped part of the broader cultural repertoire of Homo sapiens (Pettitt 2010).
These practices ultimately establish the notion of the genesis of symbolic capacity by 120 kya,
as the evidence supports the development of symbolic association towards death through the
form of deliberate burial (ibid, p. 71).
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2.3 The process of Natural Mummification
The decomposition of the human body is a complex degenerative process that encompasses
several chemical, physical and biological processes (Galloway 1997). The development of
such processes greatly depends on the circumstantial environment in which the body is in.
As such, there is no single pattern or combination that solely drives the rate, appearance or
even the absence of decomposition (Frerichs, Vidler &Gatzidis 2020). The preservation or
mummification of human remains is one such process that is seen extensively in the
archaeological and forensic record and has thus received a considerable amount of attention
as the discovery of preserved remains proves invaluable in many fields of research (Corrieri
& Márquez-Grant 2015; Finaughty & Morris 2019; Koller et al. 2005). In an
anthropological context, the study of mummified remains can reveal information such as
status, religion, mortuary practices and ritual, as well as diet (Koller et al. 2005). From a
medical-clinical context, mummified remains aid our understanding of anatomy, pathology,
the origin and evolution of disease, as well as genetic research (Corrieri & Márquez-Grant
2015). Studies have shown that mummified remains can show signs of osteoarthritis,
hardening of the arteries, even stress (ibid). Mummified remains can also aid in forensic
investigation as preserved remains are favourable for identification purposes and can
sometimes indicate the manner of death (Finaughty & Morris 2019). A prominent forensic
scenario is the city of Cape Town, South Africa, where 14% of victims subject to unnatural
death have shown signs of natural mummification in varying degrees as well as complete
mummification (Fig. 4). Ultimately, the key to achieve mummification is to cease the
process of decay ‘through termination and/or exclusion of the biotic agents of
decomposition’ (ibid). This can be achieved naturally in particular environmental
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conditions (natural mummification), some examples include exposure to extreme heat or
cold, wetlands such as bogs, as well as certain metals. Alternatively, mummification can be
achieved by human intervention (artificial mummification), where a famous example of
this form of mummification are those of ancient Egypt (2600 BCE – 364 CE) (Frerichs,
Vidler & Gatzidis 2020).

Fig. 4. Local forensic case from Stellenbosch (February 2015) – mummified in ten days (Finaughty &
Morris 2019).

Natural mummification by desiccation, is considered one of the most common forms of
natural preservation. Remains subject to desiccation are caused by water evaporation in hot,
dry and arid environments (Finaughty & Morris 2019). Examples attesting to this include
Kashimura et al.’s report of the desiccated remains of a body in Japan during a heatwave
within 25 days (Kashimura et al.1984); and Galloway et al.’s study of naturally desiccated
remains taking place within 11 days in the arid environment of the Arizona-Sonoran Desert
(Galloway et al. 1989). While hot and dry environments favour natural mummification by
desiccation, it has been known that desiccation can occur at any temperature as the
prerequisite to achieve desiccation is the absence of environmental moisture (Finaughty &
Morris 2019). An example of natural desiccation within a temperate climate was reported
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by Marella et al. where mummified remains in Formia, Italy were found completely
desiccated within four weeks of the disappearance of the individual (Marella et al. 2013).
For remains to desiccate it is imperative for the fluids within the body to evaporate and
diffuse as approximately 80% of human tissue is removable water (Frerichs, Vidler &
Gatzidis 2020). The degree and rate of desiccation differs depending on volume to surface
area ratio, as a low volume to surface area ratio hastens desiccation (ibid). It is not
surprising then that the quickest desiccated parts of the human body are features such as
fingers, toes, and earlobes (Papageorgopoulou et al. 2015). The continued removal of
moisture leads to the shrivelling and shrinking of the soft tissue and internal organs which
can present as wholly of partially mummified, putrefied, with adipocere (corpse wax
formed by anaerobic bacterial hydrolysis of fatty tissue, ceasing further bacterial
decomposition) (Forbes, Stuart & Dent 2005), or entirely withered away (Finaughty &
Morris 2019). The epidermal layers become dry and leathery in texture, clinging firmly
onto the frame of the skeleton (Fig. 5) (Papageorgopoulou et al. 2015). As the body
dehydrates further, it goes through a process known as skin slippage which is the
significantly weakened connection between the skin layers that lead to the separation of the
epidermis from the dermis, and the dermis from the underlying tissue (Finaughty & Morris
2019; Frerichs, Vidler & Gatzidis 2020; Papageorgopoulou et al. 2015). The skin also
undergoes drastic colouration changes from a dark green, greyish black, yellow brown with
patches of red, and finally a blackish brown (ibid). Experimental research modelling the
mummification process was conducted by Papageorgopoulou et al. using a fresh human
lower leg. This study identified that humidity, external temperature, and pH values were all
significant factors that affected the mummification process (Papageorgopoulou et al. 2015).
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Observations noted that the skin underwent changes in colouration, a substantial loss of
volume, shrinkage was more rapid on the foot than the rest of the leg, and weight loss of
50% when complete mummification was achieved (ibid).

Fig. 5. Computer generated model showing skin
shading results at different mummification stages
(Frerichs, Vidler & Gatzidis 2020).

Finaughty and Morris (2019) identifed the correlation between hot, dry and windy weather
criteria and lack of blow fly activity that encourages mummification (Fig.6). Their study
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used 16 pig (Sus scrofa domesticus) carcasses and observed the conditions required to
achieve desiccation in two terrestrial habitats in the Western Cape, South Africa in summer
and winter months.

Hot, dry, and windy spells in the first three weeks of decay in the summer cycle significantly
affected blow fly larval activity. (Finaughty & Morris 2019). Blow fly larval activity proved
to be at its peak during this three-week period. These spells exposed adult blowflies to
temperatures well above the thermal threshold of all forensically significant blow fly
species resulting in mass mortality of blowfly larvae, eradicating one of the primary drivers
of decay (ibid). More so, exposed tissues of pig carcasses would desiccate inhibiting carcass
putrefactive activity resulting in female blowfly oviposition to be further reduced as they
will not lay their eggs on desiccated tissue as there is a high chance eggs and young larvae

Fig. 6. Proposed mechanism driving natural desiccation in Finaughty & Morris’
2019 Western Cape Study (Finaughty & Morris 2019, pg. 8)
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will also desiccate (ibid). Ultimately, as the carcass continued to desiccate, less of the body
was available or adequate enough for new oviposition and the consumption of soft tissues
by insects which lead to the retardation of bacterial driven decay and further promoted
natural mummification by means of desiccation (ibid).
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2.4 Properties of Gypsum Plaster
Gypsum, a naturally occurring mineral, can be formed as extensive beds in connection with
sedimentary rocks such as limestone and shales (Strahan 1991). It is a metallic salt of calcium
usually primary in origin as calcium sulphate dihydrate (CaSO4·2H2O) but can also be found
interchangeably as anhydrite (Lewry & Williamson 1994). It is a product of volcanic activity
where sulphuric acid causes dissolution of lime from decomposed minerals of rocks. Hence,
gypsum is commonly deposited from the waters of hot springs (Strahan 1991). The hydrous
feature within calcium sulphate dihydrate has the ability to bind water to calcium sulphate in a
dry, crystalline state. This cohesion is what imbues gypsum plaster with the ability to
reconstitute into stone from its plaster or mortar state (ibid). To become plaster, gypsum must
be heated at relatively low heat (120℃) to allow the rapid loss of 75% of the water (Fig. 7)
content resulting in what is commonly known as Plaster of Paris, and chemically as calcium
sulphate hemi-hydrate (CaSO4·½H2O) (Lewry & Williamson 1994).

Fig. 7. 'The Gypsum Cycle' (https://www.wconline.com/articles/91564-the-creation-of-gypsum) Accessed
November 2020
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This is the most prevalent form of gypsum as it has several characteristics that have made it
favourable for widespread use for domestic purposes, mortuary practices, artistic purposes, and
was used extensively for construction, reinforcement, and repair (ibid). The most prominent of
these characteristics is that it is self-binding. Unlike clay or lime plasters, aggregates are not
needed for gypsum plaster to hold together (ibid). Additionally, gypsum plaster is fast setting,
is significantly adhesive, is a fire retardant, and expands as it sets. As a result, gypsum plaster
has impacted daily life since the Neolithic and its use has continued for similar purposes today
(Strahan 1991).
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2.5 Properties of Lime Plaster
Lime as a material can be defined as a highly alkaline, inorganic mineral that is initially
derived from calcined limestone; a common sedimentary rock composed primarily of high
levels of calcium carbonate (CaCO3) (Galván-Ruiz et al. 2009). Its distinctive feature of
being subject to severe exothermic reactions to then revert to its original chemical
composition is known as the ‘lime cycle’ (Fig. 8) and is recognised as a significant
phenomenon in chemistry (López-Arce et al. 2011). Limestone or calcium carbonate has
the ability to be thermally decomposed to produce calcium oxide (CaO), which is
commonly referred to as quicklime (Schotsmans et al. 2012). Like gypsum, quicklime
needs to be heated and subsequently slaked with water in order to become plaster. As this
process requires limestone to be heated at temperatures of 800-1300℃ (significantly hotter
than what gypsum requires), it is known as an endothermic reaction (ibid). When water is
added to calcined limestone, it generates a highly exothermic reaction creating calcium
hydroxide (Ca(OH)2)

Fig. 8. The ‘Lime Cycle’ (Schotsmans et al. 2014).
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which has since been termed hydrated lime or ‘slaked’ lime (López-Arce et al. 2011). The
cycle is then completed when calcium hydroxide becomes exposed to carbon dioxide as a
result of atmospheric interactions or other external processes involving carbon dioxide
(CO2) known as carbonation (ibid). This reaction demonstrates the unique ability limestone
possesses as it returns to its original chemical form (calcium carbonate) and is described as
becoming a plaster-like material when it sets (De Mulder et al. 2014).
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2.6 Gypsum and Lime application in a funerary context
A procedure that has been consistently practiced throughout history is applying lime or
gypsum over the deceased at the time of burial (Schotsmans et al. 2015). In most cases,
there is a lack of clarity in the literature concerning the type of plaster applied to remains
(ibid). Schotsmans et al. (2019) stress the importance of accurately identifying white
substances in burials using physico-chemical identification to provide a greater
understanding into past social, cultural, and economic practices surrounding the use of
types of materials, the depositional environment of burials involving these materials,
intentional or natural placement, and how these materials affect the degradation of human
remains and associated materials. New insights have since shed light on the chronology
regarding the practice of applying lime or gypsum to human remains, with evidence
suggesting that this specific protohistoric behaviour traces as far back as the Early
Neolithic (c. 10,000 BCE) in the form of primary burials (Croucher 2012) as well as
plastered skulls where lime, gypsum or mud plasters were used to cover a removed head
(Fig. 9) (Milevski et al. 2008).

Fig. 9. Neolithic plastered skulls with shell pieces used as eyes, in situ. (Milevski et al. 2014, pg. 2)
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In the late pre-classic period (400 BCE – 100 CE) lime-coated bones associated with postmortem de-fleshing behaviour in Bolivia (Smith & Arias 2015); as well as in the Iron
Age at the Balearic Islands as cremations where rock carbonate was applied (Fig. 10) (De
Mulder et al. 2017). Furthermore, from Early Dynastic to Ptolemaic Egypt (3000BCE3CE), lime was used in combination with natron and salt for artificial mummification
purposes.

Fig. 10. Lime burial discovered at Cova de Na Dent, Balearic Island. a) Fragment of lime burial
showing cremated bone imbedded in lime. b) Bone buried under quicklime for 18 months. c)
Section through lime burial showing the distinct layers between the liming and pre-liming burial
phases (De Mulder et al. 2017).
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In addition to being placed deliberately over the body or parts of the body, lime and gypsum
have been used in the construction of mortuary architecture such as coffins (Stevens 2018).
(Fig. 11). Gypsum, specifically alabaster (crystallised gypsum), was the material carved to
construct sarcophagi in Ancient Egypt and Rome due to its favourable characteristics that
enhanced the structural integrity of the coffin (Stevens 2018).

Fig. 11. a) Model of Egyptian Coffin found in Armana, Egypt showing remnants of Gypsum plaster on the coffin.
Coffin is dated to Later New Kingdom (Taylor and Vandenbeusch 2018) b) Roman sarcophagus gypsum plaster burial
from Trier (Brettell et al. 2014, pg. 8).

Furthermore, plaster was used to create jewellery, statues and ornamentation that were placed
with the body at interment (Clarke 2012). For example, small obscure balls made from plaster
have been found in association with plastered skulls found at Tell Ramad, Syria (ibid).
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Similarly, an Indigenous Australian mortuary practice has been discovered in the
archaeological record dating from the early19th century (Goddard 1936). Kopi caps and Kopi
balls are a deeply nuanced funerary practice that provides fresh insight on the cultural and
societal practices of the Aboriginal people and how they evolved post-colonialism.Kopi refers
to gypsum that was burnt, crushed and mixed with water to form a white paste (Hamm,
Rowlands & Smith 2019). This material was used extensively in mortuary rituals to paint the
body of the deceased and to lather the hair of the deceased (Hamm, Rowlands & Smith 2019).
It was also used to make mourning caps which were made by female widows of the deceased
where layers of the gypsum paste were applied to a netting that was placed around the woman’s
head (ibid) (Fig. 12a). This cap was to remain for the entirety of the mourning period lasting
anywhere between one week to six months, where the cap was then taken off and placed upon
or within the grave of the late husband (Goddard 1936). These caps were large artefacts,
weighing between 2kgs-7kgs and measuring up to 50mm in thickness (Hamm, Rowlands &
Smith 2019). Larger Kopi caps have been interpreted as signifying profound grief, where extra
layers of plaster reflected the weight of grief caused by loss (ibid). Kopi caps are invaluable
finds as they indicate that the deceased was male, and the status of the deceased based on the
size and number of caps within the burial (ibid). Kopi eggs, however, were not restricted to
graves involving males. Kopi eggs or Yurda were oval shaped balls of burnt gypsum that were
also placed on top of or within the grave (Goddard 1936). Interpretations of these artefacts
suggest that they were deposited by friends of the deceased, with the number of kopi eggs
correlating to the number of friends (ibid). Kopi caps have been discovered in increasing
numbers, with saturated clusters correlating to post-colonial settlement where an estimated
20,000 indigenous Australian people were killed as a direct result of colonial violence (Hamm,
Rowlands & Smith 2019). An example of this is the recent discovery of 40-60 mourning caps
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on the eastern edge of the Simpson Desert, Australia (Fig. 12b) close to the site of a known
massacre at Kaliduwarry waterhole in ~1878 (ibid).

Fig. 12. a) Internal detail view of Kopi mourning cap (Australian Museum 2018). b) Detail view of mound of Kopi Caps, Simpson
Desert (Hamm, Rowlands & Smith 2019)

It is clear then that the convention of including lime or gypsum in mortuary activity had a
universal lasting impact since the Neolithic. Lime and gypsum applications in mortuary
contexts persisted throughout the modern world where this phenomenon became a popular tool
in funerary and sanitation practices, ritual and criminality (Davis 1933; Schotsmans et al.
2017). Throughout the archaeological and historical record, there have been several mentions
and cases of plaster burials, yet few of these cases have undergone in-depth analysis and
interpretation. For example, classical Roman historians, specifically Pliny the Elder in the 1st
century BCE suggested that the funerary use of lime stemmed from the assumption that these
substances ‘consumes away bodies’ (Schotsmans et al. 2017, p. 465). Inversely, the era of
Christianity (c. 27-30 CE – 325 CE) maintained the belief that lime and gypsum preserved the
body it covered – alluding to a central doctrine within the religion, the resurrection of Christ
(De Mulder et al. 2017). Contradictory evidence such as this is problematic as it misconstrues
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the true origins of this behaviour. This stresses the importance of accurately understanding a
persisting mortuary practice which, on a deeper level, reveals our evolving acceptance on the
concept of mortality. As a result, sites such as the La Carcavilla Cemetery, Spain (Schotsmans
et al. 2017), Rombout’s cemetery, Belgium (Schotsmans et al. 2015), and the Lake Titicaca
basin, Peru/Bolivia (Smith & Arias 2015) have all examined the presence and motivations of
plaster burials, in order to refine an accurate chronology of lime and gypsum applications from
a funerary perspective. Additionally, these studies greatly assist in the understanding of why
incentives regarding this practice were interchangeable throughout the historical record. There
has since been an inflated number of enquiries by both law enforcement and archaeologists
who insist that further research be done on the effects of lime on cadaver decomposition as
well as the inevitable effects to grave micro-environment (Van Denhouwe & Schotsmans
2015). Results indicated that despite initial interpretations, burials subject to liming indicate
that lime decelerates the rate of decomposition due to the alkaline properties within calcium
carbonate that hinder bacterial decay (Schotsmans et al. 2014). Inversely, Schotsmans et al.
(2019) determined the negative impact gypsum has on the decomposition rates of human
remains, especially bone as gypsum crystallisation causes microcracks due to the insertion of
gypsum crystals in the microstructure leading to deterioration of the bone

Thus, it is clear that the effects of lime and gypsum in regard to human decomposition require
further investigation as available information is either conflicting or severely limited. As the
evidence demonstrates a level of preservation through liming the dead, and destruction through
gypsum application, it is imperative that such depositions be investigated with extreme care as
detection of these remains will greatly assist in addressing conflicting arguments surrounding
the use of lime and gypsum in a funerary context. Therefore, detection and analysis of lime and
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gypsum burials are essential for a heightened understanding for both archaeological and
forensic cases (Schotsmans et al. 2019). Ultimately, although it is recognised that lime and
gypsum were extensively utilised in mortuary contexts throughout antiquity, it is essential to
develop and improve techniques in burial identification as the majority of these cases were
discovered as unmarked or clandestine burials, and recovery and further analysis of these
materials can provide insight on motivations surrounding the use of lime and gypsum in
funerary activity.
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2.7 Geophysics and its applications to archaeological prospection
Geophysical techniques have been applied to archaeology to aid in answering the various
questions present within an archaeological investigation. Geophysical prospection can be
defined as the exploration of the structure and dynamic of the earth using physical remote
sensing methods to optimise ongoing archaeological excavations. These several techniques
aid in the mapping, imaging and delimitating of archaeological material in a nondestructive manner (Jol 2008; Sala, Garcia & Tamba 2012). The use of geophysical
methods in an archaeological context has been used since the early 20th century with a
prominent early example being its application at Stonehenge (Witten 2017). A distribution
of buried pits was relocated by probing the subsoil to record the maximum depth of
penetration. Since then, interest in the area of geophysics in archaeology rapidly grew with
the development of aerial imaging being used extensively in landscape archaeology in
combination with multi spectral imagery (Witten 2017). This allowed archaeologists to
explore larger sites and acquire an enhanced understanding of the area without being
limited to the discovery of archaeological remains. For example, the South Cadbury
Environs Project (SCEP) conducted geophysical works at Cadbury Castle (United
Kingdom) and its surrounding areas is a larger-scaled archaeological site that was surveyed
in order to study the transformation of the landscape and to put Leslie Alcock’s 1960s
excavations at Cadbury Castle into a wider landscape context (ibid).

Despite these techniques granting the ability to remotely locate archaeological material, a
need for ground-based prospection led to the development of the modern geophysical
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survey (Masini et al. 2017). The development and refinement of geophysical techniques
proved highly effective by successfully detecting expected and unexpected geophysical
contrasts regarding the conductivity, density, and magnetic properties of buried
archaeological remains. Thus, geophysical technologies are now used in the exploration of
subsurface material without the need of complete excavation, removing the possibility of
damaging potential archaeological remains (Sala, Garcia & Tamba 2012).
While geophysical prospection has undergone and continues to undergo improvement, so
too has digital computer software that greatly enhances visualisation and interpretation of
complex geophysical datasets recorded on the field (Witten 2017). Geophysical software
has the ability to enhance data, remove unwanted noise that negatively affects data and can
potentially correct errors that were made in initial data acquisition on the field. This allows
for an improved dataset which ultimately leads to an increasingly valid interpretation of
results. It is important to recognise the limitations of geophysical equipment in order to
utilise geophysical prospection to the best of its ability (Masini et al. 2017). Certain soil
conditions are a common limitation that proves challenging for geophysical prospection as
these conditions will often result in poor quality data (i.e. wet clay vs dry sand) (Jol 2008).
However, such challenges provide stimulus for future research which will fundamentally
improve the potential that geophysical methods have in archaeological investigation.
Indeed, geophysics has proven to complement, and is part of archaeological prospection,
and its continued use and applications will further enhance the way in which archaeological
evidence is uncovered.
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2.8 GPR and Burial Detection
GPR has acquired a heightened level of acceptance in the discipline of archaeology and
has received universal praise for its effectiveness (Carcione et al. 2017; Dragantis et al.
2015; Zhao et al. 2015). It must be stressed that each archaeological investigation is subject
to the destruction of archaeological stratigraphy from the first excavation process which is
why geophysical methods like GPR have pioneered the future of non-destructive
archaeological investigation (Draganits et al. 2015). GPR in the context of grave detection
was first successfully demonstrated in cemeteries to locate graves from different time
periods and soils (Bevan 1991; King, Bevan and Hurry, 1993; Mellett 1992; Vaughn 1986).
Conyers (2016) suggests that physical features commonly associated with burials that can
be identified by GPR (Fig. 13) include: 1) “undisturbed” sediment below and surrounding
the grave shaft; 2) a buried coffin or human corpse and associated funerary artefacts; 3)
disturbed or heterogenous sediment used to fill the grave shaft; 4) surface sediments that
have accumulated above the shaft and surroundings after internment; and 5) accumulated
conductible ‘grave soilwater’

Fig. 13. Schematic figures of features commonly associated with clandestine burials at initial
deposition (top) and skeletal-stage decomposition (bottom) (Pringle et al. 2020 pg. 2)

45

within the grave shaft or otherwise leeched into the background soil stratigraphy (Conyers
2006, Pringle et al. 2020). It is common for archaeologists to first implement a GPR survey
and if the data permits, perform extensive excavation to confirm preliminary results
obtained through GPR (Conyers 2016).

One Australian study in particular applied a GPR survey inside a sandstone rock shelter
containing several Aboriginal burials at Madjedbebe (Lowe 2012). The data generated
through GPR revealed the subsurface patterning of rocks within the shelter deposits and
subsequent archaeological excavation confirmed an association to burials (Fig. 14).
Naturally, an integrated process combining detailed mapping, GPR and physical excavation
showcased a successful opportunity to detect unmarked burials (ibid).

Fig. 14. A resampled selected amplitude slice-map of subsets (left) showing selected (A–E)
high-amplitude features/ concentrations in two selected reflection profiles (right) (Lowe
2012 pg. 5)
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Indeed, while GPR is successfully applied on the field to locate burials on numerous
occasions, it is also utilised in experimental archaeological research which aims to improve
GPR’s ability in detecting graves by determining specific variables that influence reflection
strength (Zhao et al. 2015). For instance, a study by Schultz & Martin (2011) monitored six
burials containing pig cadavers used as human proxies, as well as two empty control graves
(Fig. 15). Each of the pig containing burials were distinctively manipulated to represent
different burial scenarios. This study also compared different GPR antenna frequencies
(250 and 500 MHz) to establish the benefits in utilising both antennae for grave detection
(Schultz 2007). This experimental research determined that deeper graves yielded clearer
GPR images with the application of both frequency antennas providing optimal results.
Additionally, increased soil moisture levels allowed for increased grave detection which
was attributed to conductive decompositional fluid from the pig carcasses (Schultz &
Martin 2011). Finally, cadavers buried with grave inclusions such as a tarpaulin, a cotton
blanket, rocks and lime generated superior images as opposed to burials containing solely
a pig carcass which can be attributed to the trapping of decompositional fluids as opposed
to it leeching naturally in the soil (ibid)

Fig. 15. Six burial scenarios that contained a pig carcass & GPR 2D reflection profiles of them using the 250 MHz antenna (Schultz
& Martin 2011 pg. 79).
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Ultimately, GPR has been appreciated as an invaluable method and is thoroughly utilised
for mapping, locating and surveying within archaeological contexts (Bladon et al. 2011).
GPR has proven a successful technical approach to pinpoint and highlight areas of
archaeological significance while not producing surface damage to the site and its
stratigraphy, therefore preserving the context of potential buried evidence (Fernández 2018).
It is foreseeable that GPR will continue to be used extensively in archaeological prospection.

48

2.9 GPR data analysis and interpretation
The vast majority of GPR data analysis requires basic conditioning of raw recorded pulses
in order to obtain accurate images and profiles (Goodman & Piro 2013). A fundamental
form of initial processing methodology is known as radargram signal processing (RSP)
which involves using specific filters to adjust or enhance reflection profiles generated by
the dataset. A convenient feature of RSP is that it can be applied to radar pulses before
constructing images from radargrams. Ultimately, the processing sequence that is needed
is entirely dependent on the various factors observed in the raw data (Giardano et al. 2006).
There are however, a number RSP steps that are essential and are used to eliminate noise
that has been found to exist in several data collection scenarios (Conyers 2016). Examples
of basic RSP that is often implemented in GPR surveys are: Time-zero correction,
background removal, bandpass filtering, post-processing gain, resampling, and
smoothing/stacking (Jol 2008).

Time-zero correction:
Time-zero correction is a useful processing tool as it allows for the first reflection event,
which would be the ground surface, to zero (Goodman & Piro 2013). As the time base of
GPR measurements is not explicitly given, the data may demonstrate a significant drift
causing a misalignment of observed reflections (Conyers 2016). This can be problematic
if the desire of the survey is to subsequently excavate, the depths of the targets will be
misinterpreted and therefore the excavation will yield no target at the depth anticipated
(Baker & Jol 2007). Thus, time-zero correction can be considered an essential component
in the processing sequence as it increases the level of accuracy substantially because it
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estimates the wave velocity, which provides a measurement of the approximate depths of
targets observed in the GPR survey.

Background removal:
It is not uncommon for GPR radargrams to display a significant level of noise that
infiltrates the recording of raw pulses (Conyers 2006). This noise is among others, as
constant bands of horizontal reflections across the reflection profiles and can thus cause an
array of issues when interpreting the data. Firstly, the possibility of generating false
positives increases (Jol 2008). Inversely, actual targets can be misinterpreted as noise (Jol
2008). Because of its problematic nature, background noise can be removed during
processing with a filter that calculates the average trace across the entire profile and then
subtracts this average trace from each individual recorded trace (Giardano et al. 2006).
However, background removal filters can prove maladaptive as they can accidentally
remove linear features as well as create phantom reflection anomalies. Therefore, while
background removal filters are popular, a level of caution must be used when applying
them to raw data (Conyers 2016).

Bandpass filtering:
Another favoured basic processing tool is bandpass filtering, a process that eliminates
unwanted frequencies in raw GPR radargrams. Bandpass filtering allows for all recorded
signals to be decomposed into combinations of individual clean frequencies that have
different phases and amplitudes (Baker & Jol 2007). Essentially, bandpass filtering cuts
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out all unnecessary frequencies in order to focus on the relevant frequencies. Bandpass
filtering also removes drift and noise to further assist in focusing on only targets of interest
(Jol 2008). Overall, bandpass filtering is considered another essential processing step as it
provides clarity to raw data as well as specificity.

Processing Gain:
Perhaps what is considered a quintessential step in GPR processing is processing gain (Jol
2008). Essentially all raw field data collected from a GPR survey requires a degree of
processing gain in order to visualise radar pulses (Conyers 2016). Few GPR manufacturers
have made it possible for the surveyor to apply gain to raw field data yet most data recorded
in the field is taken typically without gaining and will require processing gain
(Polymenakos 2019). Gaining works by applying a multiplier effect to successive regions
of the radargram with respect to the time and intensity of the reflected signal so that that
these anomalies stand out more clearly against the background.

Resampling:
Resampling is a processing step that need be applied to radargrams prior to any other signal
process. GPR control units are often set to time modes, with a constant number of scans
recorded per unit time (Jol 2008). It becomes problematic if the velocity of the antenna
above the ground surface varies as this means the number of scans per unit distance can
also vary (Goodman & Piro 2013). Before processing steps like bandpass filtering,
migration and deconvolution can be applied, it is typical to resample the radargram scans
to a consistent number of scans per unit distance (Conyers 2016). The
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resampling process can also be used to generate more scans than originally recorded from
the raw data.

Smoothing/Stacking:
While bandpass filtering can remove high frequency noise from a radargram, it is
important to consider that sometimes, what seems to be completely random noise can in
fact be small signals in the scans when stacked uniformly (Polymenakos 2019). Stacking
will mathematically remove random noises and enhance small, recorded signals. This step
can be applied post processing when a large number of scans are recorded on the ground
surface with a high enough density (Giardano et al. 2006). Furthermore, while
smoothing/stacking can assist in removing unwanted noise and clutter, any applied
filtering to the radargrams can produce adverse effects of removing some necessary
elements in the signal that may be related to the targets that the survey was conducted to
detect (Goodman & Piro 2013).

De-wow:
A unique aspect of GPR data is the proximity of receiver to transmitter. The fields near the
transmitter comprise of low frequencies that are associated with electrostatic and inductive
fields, which attenuate rapidly with distance. The energy produced from low frequencies
causes the base level of the received signal to ‘bow’ up or down. This effect has become
known as baseline “wow” within GPR lexicon (Jol 2008). The “wow” signal can be
suppressed when a high-pass temporal filter to the detected signal is applied. This process is
referred to as “de-wow” (ibid).
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Migration:
Migration is spatial deconvolution, which attempts to remove source and receiver directionality
from reflection data. The fundamental principle of applying migration to one’s processing
sequence is to essentially reconstruct the geometrically correct radar reflectivity distribution of
the subsurface by migrating reflections to their true location (Conyers, 2016).

Fig. 16. An example of a processing sequence applied to raw datum. The sequence applied
background removal, bandpass filtering, migration, and post-processing gain (Skaggs et al.
2016 pg. 6-7).
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Chapter Three
3. FORMER FIELD EXPERIMENTS AND GPR SURVEY
3.1 Field Experiments of Schotsmans et al. (2011, 2014)
This study is building upon former experiments by Schotsmans et al.’s 2011 and 2014a/2014b
studies, therefore a synopsis of the experimental set up, methodology, results, and conclusions
will be outlined in this thesis. The data in the 2014a/2014b study was processed, analysed and
interpreted at the University of Wollongong in 2020 under subject codes EESC229 and
ARCH301 as part of the preliminarily stages of this thesis. Schotsmans et al.’s (2014a; 2014b)
study is an extension of the 2011 study, employing an experimental approach using additional
pig carcasses to allow for short and long-term monitoring of the stages of decay. All stages of
Schotsmans et al.’s project applied several controlled variables, apart from the type of lime
applied and the time post initial internment where the GPR surveys were conducted (three
months vs eight years and ten months). The justification behind such a controlled experimental
setup is to maintain a level of validity and consistency to focus on understanding a historically
specific burial scenario as opposed to a broader, generic dataset, and to determine whether
other factors can influence results regardless of the presence of lime. As a result of controlling
variables such as grave depth, amount of lime, size of carcasses, type of soil and time limit,
this study successfully determined the effectiveness of GPR detecting graves of this nature.

Schotsmans et al.’s (2014a; 2014b) study used 11 pig carcasses (Sus scrofa domesticus) as
human body analogues, and the reasoning behind this is substantial. Firstly, research using
human specimens is often unrepresentative for such controlled experiments as they do not die
simultaneously or predictably (Schotsmans et al. 2012). Additionally, most donated human
corpses are elderly and frail, and most would have subsequently died following a period of
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illness that required medication or resulted in atypical pathological conditions which would
alter the decomposition process and therefore skew results (Schotsmans et al. 2014). Finally,
with increased enquiry to investigate bodily decay and burial location, studies have utilised an
array of animal models such as mice, rabbits, and pigs (Dautartas et al. 2018; Masopust, Sivula
& Jameson 2017; Matuszewski et al. 2020) and have determined that pig carcasses are the most
suitable substitute for the human body due to their comparable skin structure, physiology,
internal anatomy, gut flora, and similar muscle-fat ratio to humans (Schotsmans et al. 2016).
Currently, pigs are now used in taphonomic investigations (Schotsmans et al. 2012);
entomological studies (Feddern et al. 2019); and forensic research (Schultz & Martin 2011).
Furthermore, the pig burials were laid in a grid formation to facilitate the GPR survey and
recording of data in order to compare actual orientation to GPR reflection profiles to test its
accuracy. Temperature monitoring was conducted weekly by inserting data loggers in the
subsurface within the confines of the graves to ensure temperature regulation of all non-empty
burials. As well as this, soil pH was monitored using data loggers to measure the acidity or
alkalinity of each burial in relation to decomposition progression as well as to test its influence
on the strength of GPR reflection profiles.

Schotsmans et al.’s (2014) study took place in Belgium with the climate of this area known by
the Köppen-Geiger classification system as a temperate oceanic climate; having mild summers
and cool, damp winters with frequent fog (Beck et al. 2018). The soil matrix surrounding the
area is classified as dry, sandy loam with excellent drainage. This is preferred as soil with a
high clay or silt content does not allow oxygen to pass, which will lead to stagnation the
progression of decay as decompositional bacteria is aerobic (Schotsmans et al. 2014). This
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study used 11 pig carcasses (Sus scrofa domesticus) as human body analogues to be buried in
graves with depths between 34-38cms, length varying between 90-100cm, and a width of
60cm. Grave parameters was set to these level as it left enough room for the carcasses to be
completely buried at a shallow level. Once lain in their respective graves, the application of
either no lime (‘A set’), powdered hydrated lime (‘B’ set), or powdered quicklime (‘C’ set)
was placed on to each of the carcasses. The same amount of lime was applied to all pigs which
was 12.5kgs. It is important to note that unlike other studies such as Schultz & Martin (2011),
the depths of the graves were all shallow to achieve consistency and three, empty control
burials were employed to achieve validity and reliability (Schotsmans et al. 2016). These
control ‘pits’ did not contain any pigs, however, one consisted of no lime (essentially empty),
one with hydrated lime, and one with quicklime in order to determine if GPR can detect the
presence of lime alone in the natural environment. These controls were situated in order to
correspond with the carcasses buried with the same profile (Fig.17). The ‘A’ Set consisted of
four pigs with a corresponding empty control pit each containing no lime; underneath the ‘A
set’ was the ‘B’ set which also contained four pigs and a control pit, each with 12.5kgs of
powdered hydrated lime; and finally, the ‘C’ set was situated beneath the ‘B’ set and comprised
of four pigs and a control, all containing 12.5kgs of powdered quicklime.

Fig. 17. Layout of the graves & control pits (Schotsmans et al. 2011).
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Once the burials and the control pits were sufficiently backfilled, GPR surveys were conducted
after three months from interment to allow for decompositional progression. The specific GPR
system employed in Schotsmans et al.’s (2014) study was the ERA Technology Surface
Penetrating Radar (SPR) with a 500 MHz frequency antenna. A 500MHz antenna was chosen
due to it being the optimal frequency for shallow yet detailed prospection. The antenna was
integrated into a cart and manually pushed in a south to north direction along the burials to
maintain the same orientation for data plots. Data was collected in the form of reflection
profiles which are two-dimensional images that combines two-way travel time (depth), and
amplitude (size) to determine the location and nature of the potential discontinuity, and are
therefore analogous to archaeological stratigraphic profiles (Carcione et al. 2017).The survey
was taken using a grid formation in a north-south direction to accumulate multiple data points
in order to interpolate the data to perform a comprehensive and thorough survey, which allowed
for both 2D reflection profile and 3D horizontal time slice data acquisition (Dougherty, Choi
& Dosseto 2016). The GPR mechanism was also applied on the control pits as it was anticipated
that the disturbed soil may produce a geophysical response as may the presence of only lime.

After 17-42 months of burial, nine of the eleven carcasses were exhumed for observational
analysis leaving two pigs, one un-limed carcass (A4) and one carcass buried with hydrated
lime (B4). These pigs remained buried for a further eight years and likely underwent
skeletonization based on observations made on the exhumed cadavers. In order to determine if
GPR can detect such clandestine burials after an extensive period of time, another GPR survey
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was conducted in 2016 – eight years and ten months post initial interment which is the current
study’s research focus. Refined parameters for the new survey were introduced that applied the
same orientation (south to north) to record data in order to maintain consistency between both
surveys. 11 new transects were established and stretched across 4 metres, covering the
remaining two pig carcasses from the early phase of the experiment and all three control pits
(Fig. 18). The current project aimed to assess, process, and interpret the raw data recorded from
the latest GPR survey and this was conducted at the University of Wollongong in early 2020.
With a thorough design in place and with multiple surveys taken and analysed, the observations
from Schotsmans et al.’s study have had a significant impact on the search, detection and
recovery of human remains and on the interpretation of archaeological lime burials in the
absence of other studies on limed inhumations (Fernández 2018).

Fig. 18. Survey layout taken eight years, ten months
post interment (Schotsmans et al. 2016)
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3.2 GPR results of Schotsmans et al. (2011, 2014a, 2014b)
The data that will be discussed in this chapter is what was collected by the Belgium Police
~nine years post interment as the three-month Belgium survey results have been effectively
interpreted in ARCH301. An attempt to process the nine-year Belgium data at the University
of Wollongong in 2020 was the main agenda in pursuance for this dataset to be used for
comparative purposes within this thesis. In order to differentiate subsurface features between
either anthropogenic material or natural phenomena, a selection of procedures were chosen in
the processing sequence that was intended to be applied to the collected raw data (Polymenakos
2019). These steps would prove effective for improving grave-related interpretation and
minimised the occurrence of false-positive interpretations.

However, the survey conducted in Belgium was originally designed to be taken with GSSI
equipment and subsequently processed using a GSSI specific software, RADAN 7. As the data
was to be processed at the University of Wollongong, the institution’s preferred equipment and
therefore software is RadExplorer by MALÅ. Both GSSI and MALÅ are world leaders in GPR
equipment and software (Nicu & Romanescu 2011) and are designed to share a degree of
compatibility between them. Unfortunately, the collected Belgium data was not compatible
with the University’s software and therefore prevented the raw data to be processed with
RadExplorer. Therefore, a basic reader of RADAN 7 was employed which inputted an
automated processing sequence that was applied to all transects belonging to data collected in
Belgium nine years post internment. This was seen as a significant limitation as the amount of
processing could not be adjusted which removed control of how the data would be interpreted
and presented. Despite this, the processed results did display clear hyperbola where the buried
pig remains
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associated with Schotsmans et al.’s study were located, reinforcing the hypothesis that GPR
can effectively detect buried limed and un-limed remains well after initial interment. Figures
19 to 29 illustrate the raw data (top) juxtaposed with the processed data (bottom), which was
then magnified in greyscale (middle) and how they correspond with the GPR survey layout
(right). Each of the 11 transects will be presented and the interpretation of the processed data
will be explained.

60

Fig. 19. Transect 1 taken on the outer edge of the un-limed burial scenario, no reflections observed indicting
homogenous subsurface material. (Schotsmans et al. 2011).

Fig. 20. Transect 2 taken directly in the middle of the un-limed burial scenario, strong reflection (hyperbola) observed at ~2

metres which correlates wih the GPR unit detecting the un-limed pig carcass as a disturbance in subsurface material
(Schotsmans et al. 2011).
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Fig. 21. Transect 3 moving away from the un-limed burial scenario. As it is not over the pig carcass, no strong
reflections have generated signifying no changes were detected (Schotsmans et al. 2011).

Fig. 22. Transect 4 in between but not near either burial scenario. As a result, no strong reflections generated due to a
lack of change within the subsurface (Schotsmans et al. 2011).
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Fig. 23. Transect 5 still in between both burial scenarios, no change resulted in no strong reflections (Schotsmans et
al. 2011).

Fig. 24. Transect 6 taken directly on top of the limed burial scenario. A strong reflection was recorded at ~2 metres
which was a result from the limed pig carcass that the GPR interpreted as a change in subsurface material
(Schotsmans et al. 2011).

63

Fig. 25. Transect 7 also taken directly on top of limed burial scenario, causing another strong reflection to occur in the
recorded data at ~1.8 metres (Schotsmans et al. 2011).

Fig. 26. Transect 8 moving away from both burial scenarios, no disturbance or change yielded no strong reflections
(Schotsmans et al. 2011).
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Fig. 27 Transect 9 moving further away from both burial scenarios, no strong reflections recorded (Schotsmans et al.
2011).

Fig. 28. Transect 10 moving even further away from both burial scenarios, the lack of change resulted in no strong
reflections (Schotsmans et al. 2011).
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Fig. 29. Transect 11 not near any of the burial scenarios but went over limed control pit. As the control pit was exhumed
and subsequently backfilled 5 years prior, sediment accumulated and settled, resulting in homogenous subsurface
material and therefore no appearance of hyperbola

One of the primary focuses of this thesis was the processing, imaging and interpretation of
GPR data collected from Schotsmans et al.’s 2014 study in order to compare it to data acquired
during the current study’s geophysical survey. 2D profiles were formed to illustrate the various
anomalies that the GPR detected which were directly associated with both interments. Both
burial scenarios yielded strong reflection profiles which can be attributed to either: the remains
of both carcasses or the lime plaster cast that potentially formed over B4 (Fig 17). The
hyperbolae and high amplitude reflection events that were observed in the data directly
correspond to the positions of the buried pig carcasses buried ~2m from where the transects
began, which can be most seen in figures 20, 24 and 25. Indeed, when interpreting and
comparing these figures to the other processed datum, clear distinctions can be made
concerning the hyperbolic strength and clarity between each transect. For instance, as transects
8-11 did not record data directly over the burial scenarios, no hyperbolae formed which
indicates that the subsurface material was generally homogenous. Transect 11 in particular,
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despite surveying over the control pit with quicklime, did not detect any anomaly either. This
is due to the control pits being exhumed and subsequently backfilled. Yet, it is important to
note that it did not detect any soil disturbance which can possibly be attributed to the soil
settling from the subsequent years prior to this survey. While both burial scenarios can be easily
distinguished in both the raw and processed reflection profiles, the majority of the processed
data produced ambiguous reflections while the raw data evidently displayed hyperbola with
more clarity. It can be concluded that the raw data alone clearly and effectively established the
location of the graves, and that the GPR was able to detect both targets in the subsurface despite
the variables involved. While the three-month post-internment survey (Schotsmans et al. 2011)
led to the hypothesis that the presence of decompositional fluids was a significant contributing
factor that influenced the ability of GPR detection, the results from this survey has indicated
that GPR is equipped to detect clandestine graves post burial despite the absence of
decompositional fluids and well after skeletonization with respect to the exhumed burials that
were observed to be partially skeletonized at the 17-month exhumation. True, the unique
scenarios may potentially produce stronger and clearer reflection profiles than others
(Schotsmans et al. 2011, Schultz & Martin 2011). However, the results determined that
clandestine burials can still be detected despite the likely absence of decompositional fluids
almost nine years post-mortem. Additionally, the results attest to GPR’s ability to detect change
regardless of whether lime was present or not.

The data collected from Schotsmans et al.’s study indicates that both scenarios provided strong
reflection profiles despite the presence or absence of lime. With reference to the previous threemonth post-interment survey, it was theorised that as GPR is highly sensitive to moisture, an
isolated event with peak moisture levels would produce a stronger reflection that would be
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recorded in the GPR image (Schotsmans et al. 2011). However, as this survey was conducted
eight years and ten months post internment, it is highly likely that all moisture from the
carcasses had leeched out into the soil and dried out given the time period that passed between
initial internment and the GPR survey. Nevertheless, observations from both the raw and
processed datasets indicate that both burial scenarios yielded strong reflections, confirming
that GPR can detect even the most subtle anomalies and stark contrasts do not need to occur to
produce strong reflection profiles.

While reflections can both be seen in the raw and processed data, an important variance can be
observed between the two datasets. As one of the primary aims of this thesis was to test the
ability GPR has in detecting unique isolated targets, the raw data associated with Schotsmans
et al.’s study was sufficient in deducing that GPR was indeed successful in both instances.
Ideally, the processing sequence that should have been applied to amplify the raw reflections
as well as increase accuracy in relation to depth would be the application of time-zero
correction, post-processing gain, bandpass filtering and background removal. This would have
allowed for accurate depths of the burials to be clearly defined as well as amplify the
frequencies generated by the burials while removing unwanted noise, clutter and frequencies
that can be attributed to tree roots or voids in the subsurface (Jol 2008). However, unforeseeable
obstacles dictated the software that would be used, being the basic reader of RADAN 7, which
applied an automated processing sequence to the raw data. This proved to hinder the level of
accurate interpretation as this generated complicated and congested radargrams. As automated
software is not intended to understand the purposes for conducting the survey, it placed less
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emphasis on the burials by applying high levels of bandpass filtering, background removal,
migration,

de-wow and smoothing/stacking filters, which added unnecessary complexity to the data. This
processing sequence would be preferred if the survey was conducted to determine stratigraphic
change in geological sequences (Dougherty, Choi & Dosseto 2016), yet it added a level of
perplexity when the survey sought to identify isolated targets – the burials. For example, the
alternating red and blue lines that can be seen in all radargrams (Figs 19-29) indicate changes
in stratigraphy with the contrasting colours signifying positive and negative amplitudes with
the subsurface stratigraphy. When other processing steps accentuate hyperbolic reflections, the
red/blue waves enhance the stratigraphic difference caused by hyperbolae. However, when
there is no clear hyperbola, it is difficult to gauge whether the GPR truly detected the burial.
Nevertheless, while the automated processing sequence produced adverse effects, both buried
pigs were still able to be seen, albeit clearer in the raw data.
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Chapter Four
4. RESEARCH QUESTIONS, EXPERIMENTAL DESIGN & METHODOLOGY
4.1 Research Questions, Objectives and Hypotheses
The fundamental research question addressed in this study addressed and expanded on the
aims and conclusions of Schotsmans et al.’s studies (2011; 2014a; 2014b) in order to
identify comparisons and differences between the two experiments. Thus, the primary
research question the current study aims to answer is: What is the suitability of GPR for
the detection of different burial scenarios in two contrasting environments (Belgium
and Australia) and remains (pig and human).
To achieve this, the current study aimed to 1) Examine the effectiveness of GPR when
detecting four different burial scenarios using human remains (natural deposition,
application of hydrated lime, application of gypsum, and mummification). 2) Determine the
effectiveness of GPR to detect buried remains at two contrasting sites. Schotsmans et al.’s
study (2014a;2014b) was conducted in Flanders, Belgium, a warm, temperate region located
in the Northern Hemisphere (Beck et al. 2018), while the current study was conducted in
Yarramundi, Australia, a humid subtropical region in the Southern Hemisphere (ibid). The
parallels between the two sites and whether they affect GPR reflection strength will be
assessed. 3) Understand the differences between the detection of human remains and pig
remains, and whether GPR detection yields favourable or identical results depending on the
remains.

The current study followed a series of research objectives in order to answer the research
question. First, 2015 raw GPR data collected by the Belgium Police at Schotsmans et al.’s
(2011) study area was processed in the initial stages of this research (Chapter 3). Secondly,
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the experimental set up was conducted at the Australian Facility for Taphonomic Research
(AFTER). Four different burial scenarios using human donors were modelled at the facility,
which was followed by testing the GPR response to these scenarios. These burials scenarios
included natural deposition, burial with gypsum, burial with lime or burial postmummification by means of desiccation. Finally, upon completion of the first two
objectives, two processed GPR datasets will be analysed and interpreted to understand the
variables that affect detection.

Based on the results that were processed in Chapter 3 of this Master’s project, as well as a
comprehensive review of the literature, the hypotheses that were formulated for this study
were: the human burial scenario that incorporated lime would be detected from the GPR
survey and produce the strongest hyperbolic reflections in the 2D reflection profiles, similarly
the burial scenario that incorporated gypsum would also produce prominent hyperbolic
reflections. In contrast, it was hypothesised that the burial scenarios containing mummified
human remains would produce weak hyperbolic reflection profiles and the indication of a
subsurface anomaly would not be discerned. It was also postulated that the burial scenarios
containing human remains that were buried in a natural state i.e. no artificial treatment of the
corpse, would produce relatively prominent hyperbolic reflections. Finally, it was theorised
that the two empty control graves would not produce any hyperbolic reflections but may
produce a weak event that can be associated to the grave cut, but this would be a very minor
anomaly visible in the data. The basis for drawing these hypotheses include factors such as
soil type, properties of lime and gypsum and the effects they have on soil, specimen type
(human or pig), decomposition progression i.e., corpse moisture, the passage of time, target
size, and the distance between the target and the antenna. The majority of these factors were
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considered when interpreting and drawing conclusions from the results Schotsmans et al.’s
study and were applied to the current study to identify any similarities and/or differences
between the two studies and if these similarities or differences played a pivotal role in
influencing the success rate of GPR in detecting these burial scenarios.

72

4.2 Experimental Design
The study was conducted at the Australian Facility for Taphonomic Experimental Research
(AFTER), a natural outdoor facility privately owned by the University of Technology
Sydney (UTS). The facility itself covers a large area of approximately 4.86 hectares within
the Greater Western Sydney region, 50kms northwest of Sydney (33.620 S, 150.677 E) in
a remote bushland environment defined as a Cumberland Dry Sclerophyll Forest. The soil
type of the region is classified as a mixture of sandy clay loam and gravel rich sandy clay
soils deposited over the underlying bedrock with a pH range from 5.5-6.5 (Watson et al.
2020). The climate of this area is known by the Köppen Climate Classification System
(UTS, 2017) as a moist, mid-latitude climate with warm to hot summers and mild winters.
Daily ambient temperature and rainfall data were recorded at the facility using a HOBO
MX2302 Ext temperature and relative humidity data logger (Onset Computer Corporation,
Bourne, Massachusetts, USA). This data was summarised into monthly average temperature
and monthly total rainfall during the study period which commenced in January 2017 and
concluded in December 2020 (Fig. 30). The ambient temperature & hygrometry were used
to estimate soil moisture, particularly at the time of survey which can potentially affect GPR
results.

Fig. 30. Mean monthly temp (°C), total monthly precipitation (mm) and average relative
humidity (%) throughout the study period. No data was collected in December 2018 due to
equipment failure.
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The overall climate throughout the entire study period can be considered warm, humid, and
fairly dry with three rainfall spikes exceeding 100mm appearing in March 2017, November
2018 and February 2020. The weather conditions in November, the month prior to the
survey, were relatively mild and dry, with the total rainfall of that month being 19.6mm and
the mean temperature being 21.1°C. Furthermore, in the early days of December 2020 prior
to the survey, it was dry and temperate with the average temperature of that period 21.8°C.
This data suggests that the soil during the time leading up to the survey was relatively dry.

Due to the important effect that temperature has on the rate of decomposition, temperature
itself was proposed as an alternative method to post-mortem interval estimation of human
remains. In this study accumulated degree days (ADD) were calculated based on weather
data. Accumulated degree days are useful to compare the decomposition of remains from
different seasons (Micozzi 1991; Vass et al. 1992). ADD is measured as the accumulated
average daily temperatures above 0°C from the time of the body’s death until discovery. As
temperatures below freezing inhibit biological processes, 0°C is used as the base
temperature, and temperatures below 0°C are all recorded as zero (Megyesi, Nawrocki &
Haskell 2005). The ADD for most donors were calculated from the time of burial. Both
mummified donors however, as they were surface desiccations had ADDs that were
calculated from time of death until burial, in order to account for the duration in which the
bodies remained on the surface (S), as well as ADDs to account for the time of burial until
the survey (B). Table 1 outlines the calculated ADDs for each donor. A limitation with using
ADDs to estimate the level of decomposition for this study is since accumulated degree
days are used for surface burials, they do not apply to buried bodies. This is because ADD
calculations are defined by observations of a
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visible body and therefore it is improbable to correctly estimate the level of decomposition
of a buried corpse using ADD alone. As this study is not calculating post-mortem interval
(PMI), nor is it calculating the level of decomp as it cannot be accurately assessed as the
donors are all below surface levels, the ADD was calculated to gauge the accumulated
temperature at the time of the GPR survey.

The study area itself is located at the eastern end of the facility, close to the entrance (Fig. 31
& 32). The ground surface of the study area is densely vegetated with tall grass and several
small shrubs. While vegetation does not affect GPR results as the mechanism itself begins
collecting information from the ground surface below, the density of the vegetation made it
difficult to manoeuvre the GPR cart in 0.5m intervals. To combat this, in some plots, the
vegetation was significantly reduced in order to create a clearer path allowing a more precise
navigation of the GPR cart.

Fig. 31. Satellite Map showing the Extent of the AFTER facility (red) as well as the study area
(green) (QGIS Geographic Information System Software 2021)
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Fig. 32. a) Digital Elevation Model of AFTER facility l showing height above mean sea level (AMSL). b) Lidar modelof AFTER facility showing
topographical changes (slope).Both maps show the extent of the facility (red) and the study area (green). Both maps were generated using QGIS
(QGIS Geographic Information System Software 2021)

Six human donors were used for this study, all having died and subsequently being buried
at different periods of time (Table 1.). While this can be viewed as unrepresentative for
controlled experiments, this study aimed to determine factors that affect GPR detection of
human burials reflecting archaeological and forensic scenarios involving human remains.
Furthermore, a factor that is anticipated to possibly affect GPR results is the passage of time
as more time elapsed ultimately means the body is at a further stage of decomposition and
approaching skeletisation. The human donors in this study were acquired through the UTS
Body Donation Program, organised and approved by the Surgical and Anatomical Science
Facility (SASF) at UTS. Each donor consented to the use of their remains after death for
the purposes of research conducted at AFTER, in compliance with the NSW Anatomy Act
(1977). Ethics approval was granted for the 6 human donors under the UTS Human
Research Ethics Committee Program Approval (UTS HREC REF NO. ETH15-0029) and
(ETH18-2999). The study employed an experimental approach to the research question,
applying several control variables to compensate for the evident variability between the
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donors, as well as the differences in duration since initial internment. These include grave
dimensions (LxWxD), the addition of two control donors that decomposed naturally with
no external variables disturbing the process, and finally, the inclusion of two empty burials
to determine if soil disturbance alone can produce a geophysical response from the GPR.
Four out of six donors were placed directly into the hand dug grave within the 5x5m plot.
Powdered gypsum and hydrated lime were poured over two of the donors (19-14 & 19-16)
followed by backfilling the grave while the two remaining donors were buried naturally,
meaning that the graves were immediately backfilled after the control donors were placed
inside the graves.

Two donors were not placed directly into the assigned grave and instead underwent the
process of mummification by means of desiccation by being placed on elevated metal
platforms that were constructed for the purpose to encourage natural mummification by
promoting air circulation around the entire body. If the body was placed directly on top of
the soil surface, airflow would be restricted to the lowermost side of the body while soil
moisture would promote accelerated decomposition and discourage mummification. The
body was positioned in flexion and tied with rope to replicate actual archaeological burial
scenarios. Additionally, metal cages designed to protect remains from scavengers were
placed over the donor to prevent large vertebrate scavengers from removing or dispersing
remains while simultaneously allowing invertebrate scavenging and oviposition (Knobel
et al. 2019). One donor underwent this method during the summer cycle of 2017 in which
complete mummification was achieved in 28 days while the remaining donor underwent
this process during the winter cycle of 2019 where complete mummification was achieved
in 98 days.
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Once both cadavers achieved complete mummification the mummified remains were
subsequently placed into graves located in the respective 5x5m burial plots (Fig. 33).

Fig. 33. Donor 17-01 upon burial in a completed stage of mummification.

Each grave was a shallow hand-dug grave with controlled dimensions (Table 1). All
donors were buried in a lateral flexed position also bound with rope on the left side in
centre of a 5x5m plot with the exception of donor 19-16 being buried on the southern end
of the burial plot due to a large tree obstructing the centre. The head of each donor was
orientated to the west, with flexed knees and abdomen facing north and the back facing
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south (Fig 34 & 35). In total, the study area contained eight 5x5m burial plots, six of
which contained a grave containing one donor buried in the respective scenario.
Additionally, two empty control graves were also in the study area in order to determine if
a geophysical response can be produced by the presence of disturbed soil alone. Each
grave, including the empty control graves contained a data logger (HOBO) in order to
monitor temperature and humidity within the grave which was recorded on an hourly basis
(Fig. 36) The graves simulated various archaeological and forensic scenarios involving
buried human remains.

Fig. 34 Illustration of flexed position donors were placed in for the current study. (Schotsmans et al. 2011)
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Heavy Vegetation

Light Vegetation

Low Vegetation

Fig. 35. Site layout showing burials, their position and the vegetation density
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Fig. 36. Average monthly temperatures within the graves of all burial scenarios. Data logger probes
were also inserted into the backside of some donors and these temperatures are also outlined.
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Plot
ID

Cadaver
ID

Sex

Age

Date of
Death

Height
(cm)

Type

Date of
burial

Accumulate
d Degree
Days*
(ADD)

Grave size
(LxWxD)

Excavatio
n
Method

17-G01

17-01

Female

82

16/01/17

152

Mummified donor Summer
(surface desiccation
began 19/01/2017)

16/02/17

S -749.24

1.2x0.8x0.4

Hand-dug

B – 24740.82

17-G02

17-04

Male

74

14/02/17

165

Control donor

16/02/17

24740.82

1.2x0.8x0.4

Hand-dug

17-G03

17-04C

n/a

n/a

n/a

n/a

Empty control

16/02/17

n/a

1.2x0.8x0.4

Hand-dug

19-G09

19-02

Male

63

02/03/19

163

Control donor

05/03/19

11099.71

1.2x0.8x0.4

Hand-dug

19-G00

19-09C

n/a

n/a

n/a

n/a

Empty control

10/07/19

n/a

1.2x0.8x0.4

Hand-dug

19-G13

19-09

Female

66

02/04/19

167

Mummified donor Winter
(surface desiccation
began 03/04/2019)

10/07/19

S- 1435.93
B-9055.88

1.2x0.8x0.4

Hand-dug

19-G14

19-14

Male

87

20/07/19

178

Donor with 40kgs
hydrated lime

23/07/19

8914.40

1.2x0.8x0.4

Hand-dug

19-G15

19-16

Male

93

13/09/19

175

Donor with 40kgs
gypsum

17/09/19

8179.71

1.2x0.8x0.4

Hand-dug

Table 1. Summary of experimental graves and physical characteristics of donors.
*Accumulated degree days for mummified donors have two calculations: S = ADD of body from duration kept surface
until burial and B= ADD of body from burial until survey
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4.3 Data collection – GPR and Total station
A GPR survey was conducted at the AFTER facility on the 9th and 10th of December 2020. The
GPR used in this study was the MALÅ ProEx system with the 500MHz antenna being the
selected frequency for the survey (Fig. 37). This frequency antenna is ideal for this particular
study as it is best for shallow yet detailed prospection, imperative for archaeological and
forensic investigations regarding burials (Schultz & Martin 2011). With clandestine burials
defined as hand-excavated graves dug at a depth exceeding 1m below ground level, this antenna
was the optimal choice (Pringle et al. 2020) Additionally, Schotsmans et al.’s 2011 study also
utilised a 500MHz antenna thus a level of consistency was applied in consideration of the final
comparison between the two datasets. A grid with 0.5m intervals was constructed using string
line and flagging tape to prevent overlapping which allowed for consistency when recording
each transect (Fig. 38). The grid was secured above ground level on stilts that marked the
perimeter of the burial plot as soil conditions and vegetation in most areas were not optimal for
the grid to be secured into the ground.

Fig. 37. Pictured Left to Right: Antonella Skepasianos and Dr. Amy Dougherty both using the
MALÅ ProEx system with 500MHz Antenna. Signal Strengths between the two units are being
compared.
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The antenna was integrated into a cart and manually pushed in a south to north direction over
the research grid. As the GPR moves along the burial plots recording each transect, it is
expected that the grave itself will be detected by changes in relative dielectric permittivity when
transmitted waves encounter the areas of contrasting material in otherwise homogenous
subsurface material (Jol 2008). When considering the two empty control graves being refilled
with the same homogenous material, the expectation is that no geophysical response will be
recorded as there are no changes in dielectric permittivity. However, following prior studies
(e.g. Koppenjan et al. 2003; Ruffell et al. 2009; Schultz et al. 2006; Schultz & Martin 2011;),
factors such as soil disturbance have proved to generate strong reflections. Hence, this study
aims to distinguish what factor or factors of the grave (grave cut, soil disturbance, decomposing
remains, skeletonised remains, the inclusion of lime and gypsum) produces the strongest
reflection profiles by including these empty graves. This in turn will be compared to
Schotsmans et. al’s 2014 dataset to reinforce the factors that produce a distinct geophysical
response.

Fig. 38. Scaled grid layout, showing transect coverage in relation to the grave.
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Prior to data acquisition, the GPR unit itself needed to be calibrated according to the survey
and this was done by adjusting the settings of the unit as well as the signal parameters. In the
settings window on the GPR screen, there were a series of parameters that were changed to
optimise data collection during the survey. The first parameter in settings was the antenna
selection. As there are several antennas that can be used for a particular GPR survey, the type
of antenna used needs to be manually registered in order for the GPR unit to adjust the signal
according to the antenna. As the antenna used for the current study’s survey was 500MHz, the
antenna selection was set to 500 MHz shielded. Following this step, the time window selection
was adjusted to 37.5 ns which allowed for the vertical time scale i.e. the depth of prospection
to be at two metres. Velocity was the next parameter to be altered which determines the wave
velocity of the GPR signal and for the current survey, was set to 100 m/s. The next setting to
adjust on the GPR unit was the acquisition mode and this parameter was set to wheel, meaning
that the distance of each transect is being recorded from the start of the back wheel on the GPR
cart. Following acquisition mode, wheel type was the next setting to be changed and this was
set to cart. This setting essentially translates to the GPR unit that it is being pushed via a cart
rather than being manually dragged. The final two settings were point interval and source.
Point interval relates to the distance between each GPR reading. For this study, the point
interval was set to 0.2 metres, meaning a new GPR reading would be recorded at every 20cm
interval. Finally, the source setting was set to master which linked the source output to main
control unit.

With the settings for the GPR finalised, the signal parameters this is an imperative step to
accomplish prior to a GPR survey as it determines whether the signal emitting from the GPR
antenna is ideal for the survey and can help troubleshoot any issues that arise relating to signal
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strength. The first signal parameter that needed to be calibrated was the sampling frequency.
To calculate the sampling frequency, the Sampling Theorem was implemented in which the
criterion for an accurate pulse represented by its samples, is that the sampling frequency must
be at least twice as high as the maximum frequency the antenna pulse (Yilmaz 1987; Dobrin
and Savit 1988). i.e.

fs > 2fmax

With the antenna employed in the current study being 500 MHz, the sampling frequency was
adjusted until the signal was ideal. While adjusting the sampling frequency, a weak signal from
the antenna was displayed on the signal parameters screen. Due to this, the sampling frequency
was set to 7883.12 MHz, ~15 times the frequency of the antenna which produced the best
signal. The next signal parameter that was adjusted was the maximum time window. This
parameter was set to medium as this gave off the best overall signal. Finally, autostacks was
turned on for this survey and with a final check of the signal with the unit completely calibrated,
data acquisition commenced.

As data is collected it is presented in real time, it allowed for immediate assessment of the
subsurface material which proves useful and convenient for archaeological and forensic
investigations involving the detection of clandestine graves. Additionally, limited processing
functions are available on the GPR unit itself to allow for optimal image quality while out on
the field. Data was observed in real time initially and then was downloaded onto a computer
where further processing steps were incorporated to enhance subtle reflection events as well as
to remove noise that could otherwise be misinterpreted as a geophysical response. 2D reflection
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profiles were produced from the data to observe the GPR results as hyperbolic reflections to
replicate Schotsmans et. al’s dataset for an accurate comparison.

The total station that was used for this study was a Leica FlexLine TS06 Total Station (Fig.
39). The total station orientation was set by recording fixed datums that could be seen from an
aerial image as regular GPS would render significant error. The fixed datums included the
corner of two demountable sheds, and the joining point of two fences, all visible in a satellite
image, allowing the survey to be easily and accurately overlayed. A topographic assessment
was not necessary as the study area is relatively flat with less than a 200mm difference in
elevation. However, the backfill soil in burial 17-04 containing the controlled donor sunk,
exposing the skeletonised remains (femur and tibia) of the donor.

Antonella Skepasianos and Dr. Sam Lin shooting total station points using the Leica
FlexLine TS06 Total Station
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A measurement was thus taken of the height difference from the ground level of the open grave
as well as the bottom of the grave and the exposed remains (Fig. 40). Other datums that were
measured include: the length of the trail that provides access to these burials, corners of the
5x5 square burial plot, the centroid of the grave itself, and more points along the fence to
provide further orientation context.

Fig. 40. Detailed shot of grave showing sinkhole exposing the skeletonised remains of donor 17-04. Femur and
tibia are visible.
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All datums were assigned a code in order to organise the data to be overlayed over maps of the
facility (Fig. 41). The fixed datums (pink in colour) are indicative of the distance and elevation
differences between the datum and the total station to establish a baseline. Once the
total station was spatially orientated to fixed datums that are visible from a satellite image,
recording of all other datums using a prism to measure distance and elevation was conducted.
This allowed for an accurate survey of distance between the burial plots within the study area.

Fig. 41. Satellite image AFTER with the facility parameters outlined in red and the study area
outlined in green. Total station survey has been overlayed to the satellite image with the 5x5 burial
plots shaded as yellow squares and the graves indicated by green points.
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4.4 Data Processing and Analysis
The final component of this study consisted of processing, imaging and interpreting the
collected raw GPR data to subsequently be compared to Schotsmans et al.’s 2011 GPR data
that was processed in 2020 to be used for the current study. To maintain reliability, 2D
reflection profiles were generated for both datasets to illustrate and highlight possible
hyperbola that indicate and verify the presence of a grave in each of the experimental burial
scenarios created. The software that was used to process the current study’s dataset was
RadExplorer version 1.4 from DECO-Geophysical Co. Ltd. As 2D reflection profiles were
produced, each image represents a single transect collected within the 5x5 burial plot.
Additionally, a small number of transects were taken directly over the extent of the grave within
the 5x5 burial plot. As the extents of the grave were marked on the surface, as the GPR
collected data going over the graves, an on-screen identifying marker was placed when the
GPR reached the north and south extents of the grave. This allows for a more valid
interpretation of the data as hyperbola should form in between the two on-screen markers where
the body is located. A combination of eleven processing steps were used on each 2D reflection
profile. The same parameters for each processing step were maintained throughout all 2D
reflection profiles to maintain consistency within the data, with minor differences depending
on whether the transect was recorded directly over a grave. The processing sequence used was
designed to augment the data without removal of significant amplitudes and without adding
excess noise that would negatively affect the data.

The first processing step that was applied to each transect was DC (direct-current) removal.
This was used to remove the constant component of an unwanted signal. The parameters set
for this step varied as it was dependent on the survey. The start and end time fields specified

90

the limits of the time range taken within that transect which different each time. Therefore, the
start time was set to 0 and the end time fluctuated between 37-42. The mode that was selected
for each data file was ‘mean’ which removed the arithmetic mean value of signal within the
time range of that specific data file. This achieved filtering out unnecessary noise caused by
unwanted signals that the GPR recorded (Conyers 2016).

0
37

Fig. 42. DC Removal module parameters window.

Spatial interpolation was then implemented to recalculate GPR data on a regular profile
interval which is done by interpolating the raw data (Jol 2008). Essentially, spatial interpolation
was used to enlarge reflection profiles in order to visualise hyperbola clearly. The new profile
interval was set to 0.1 for each data file, meaning that the new distance between each trace was
set to 0.1 meters.

0.1

Fig. 43. Spatial interpolation module parameters window.
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The next processing step used was the Time adjustment routine to correctly set the zero point
of the vertical time scale to when EM waves first left the antenna and penetrated the subsurface.
This is a critical step in any GPR processing sequence as an inaccurate vertical time scale leads
to an inaccurate measure of depth as a consequence (Conyers 2016). This happens as raw signal
can be subject to potential errors during the survey caused by either non-stable temperature of
the GPR, damaged connections and unstable antenna support (Polymenakos 2019). The first
arrival time set to each data file varied as it was dependent on the acquisition of data during
the survey. First arrival time is easily discerned from the reflection profile as the initial wave
leaving the antenna is visible. Ultimately, each transect was correctly adjusted to zero (ns) upon
the first break where the waveform begins oscillation.

Fig. 44. Time adjustment module parameters window.

Trace edit was employed in order to eliminate unnecessary traces that appear in the raw data.
Undesirable traces collected in this particular survey include traces that were recorded when
the GPR was reversing. Additionally, each data file was vertically cropped the invalid data that
was above the zero point of the vertical time scale. The parameters selected for this processing
step were dependent on the acquisition of data during the survey. However, the constant factor
that was applied to all data files was to vertically crop the profile above zero (ns).
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00

Fig. 45. Trace edit module parameters window.

The Background removal filter was applied to remove the instrument noise that dominates
the desired signal. The amount of background removal varied between normal and strong
which depended on whether the transect was recorded over a grave (indicated by on-screen
markers). This variation was chosen in order to accentuate possible hyperbola that may be
present within the reflection profiles where a grave was present.

Fig. 46. Background removal module parameters window.

After background removal was applied, 2D-Spatial filtering was implemented. The same
parameters were used on all data files for this processing step. The filter type that was selected
was the 2D mean option which applied the filter to the averaged value of samples. The number
of traces selected was 15 and the number of samples selected was 25. The chosen filter mode
for each data file was ‘normal’ which removed unwanted noise and frequencies.
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15
25

Fig. 47. 2D-Spatial filtering module parameters window.

Amplitude correction was the next processing routine that allowed for gain control throughout
the data. The same processing routine was applied to all data files to achieve the same level of
gain control throughout all transects. Spherical divergence and automatic gain control were
selected. The operator length in nanoseconds was set to 26. The type of AGC scaler chosen
was the ‘mean’ while the basis for scalar application was ‘leading’. Trace equalisation and time
variant scaling were not selected.

Fig. 48. Amplitude correction module parameters window.

In order to increase the resolution of the radargram, Predictive Deconvolution was employed.
It is important to note that the use of predictive deconvolution has the potential to increase the
level of noise present within the radargram. Because of this, it is always recommended that
bandpass filtering should be applied directly after the application of predictive deconvolution.
Similar to DC removal, the ‘start’ and ‘end’ time parameters were dependent on the survey
while the other parameters remained constant for all data files. The start time was set to 0 while
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the end time varied between 37 and 42. The prediction gap, deconvolution operator length, and
white noise level sliders were adjusted as such to amplify desirable frequencies. The selections
that resulted in the clearest radargrams resulted in the prediction gap being set to 0.411,
deconvolution operator length was set to 10.264 and white noise level was set to 0.010.

37

Fig. 49. Predictive deconvolution module parameters window.

With predictive deconvolution applied, bandpass filtering was used to increase the signal to
noise ratio. The parameters for this processing step are divided into two parts, the graphical
presentation of the filter, and the numerical value of its parameters. The same parameters were
used for each data file. The parameters were chosen based on the enhancement of the desired
signal and the reduction of noise: Low cut was set at 123 MHz, low pass was set to 247 MHz,
high pass was set to 732 MHz, and high cut was set to 1465 MHz. These values define the 0100% points of signal gating from higher and lower frequencies (Jol 2008).

Fig. 50. Bandpass filtering module parameters window.
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The final processing routine that was applied was Stolt F-K Migration in order to restore the
correct locations of any possible hyperbolic reflections. Giving an accurate measure of depth
and distance. It is important to note that migration should be used carefully as it can potentially
remove hyperbola that is indicative of a potential target in the subsurface. There is only one
parameter to adjust for this processing step which specifies the migration velocity. The same
migration velocity of 12.5cm was applied to each data file. It was determined that the velocity
value was not over or under migrated with the use of the hyperbola function which confirms
the wave propagation velocity, ensuring that the migrated data is within the correct limits.

Fig. 51. Stolt F-K Migration module parameters window.
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With the processing sequence complete, the raw data were juxtaposed with the newly processed
data as well as a scaled diagram relating each reflection profile to where the transect was
recorded with respect to the specified burial plot. It is important to note that not all transects
were able to be recorded due to obstructions such as trees, stumps and bushes, that prevented
the GPR from recording the transect with ease. The transects that were not recorded are marked
with an

. The obstructions are also marked in the diagram as

and

which are

not to scale and are used to illustrate where the obstructions are approximately located within
the burial plot. The reflection profiles presented below show the transects that were taken
directly over each grave indicated by the green lines that represent on screen markers that were
used to demark the boundaries of the grave. The depth of all transects was set to 2m. The
remaining reflection profiles that do not relate to the grave are presented in Appendix C. The
raw data is displayed above the processed data and the colour scale that was implemented was
red/white/blue as it was the optimum colour scale that highlighted stratigraphic changes (seen
by the oscillating red and blue waves) and would in turn accentuate any possible hyperbola. A
version of the data in the typical 2D greyscale format can also be found within Appendix C.
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Chapter Five
5. RESULTS, DISCUSSION & CONCLUSIONS
5.1 Results

Fig. 52. Transect 5 taken over grave of mummified donor (summer cycle), 17-01.

Fig. 53. Transect 6 taken over grave of mummified donor (summer cycle), 17-01.
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Fig. 54. Transect 4 taken over grave of control donor, 17-04.

Fig. 55. Transect 5 taken over grave of control donor, 17-04. The topsoil of the grave sunk exposing the remains buried
within the subsurface. Another on screen marker was taken of this exposed area of the grave.
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Fig. 56. Transect 6 taken over grave of control donor, 17-04.

Fig. 57. Transect 5 taken over empty control grave, 17-04C.
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Fig. 58. Transect 6 taken over empty control grave, 17-04C.

Fig. 59. Transect 4 taken over grave of control donor, 19-02.
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Fig. 60. Transect 5 taken over grave of control donor, 19-02.

Fig. 61. Transect 6 taken over grave of control donor, 19-02.

102

Fig. 62. Transect 5 taken over empty control grave 19-09C.

Fig. 63.. Transect 6 taken over empty control grave 19-09C.
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Fig. 64. Transect 5 taken over grave of mummified donor (winter cycle), 19-09.

Fig. 65. Transect 6 taken over grave of mummified donor (winter cycle), 19-09.
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Fig. 66. Transect 5 taken over grave of donor covered in hydrated lime, 19-14. This was the only transect that was able to
record directly over the grave as the majority of the 5x5 plot was covered by trees and stump.

Fig. 67. Transect 5 taken over grave of donor covered in gypsum, 19-16. Approximately three quarters of the transect was able to be
recorded as a large tree prevented completion of the entire 5 metre transect.
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Fig. 68. Transect 6 taken over grave of donor covered in gypsum, 19-16. A strong disturbance can be seen within the onscreen markers.
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When viewing the 2D reflection profiles collected with the 500MHz antenna, it can be
determined that the quality of GPR data collected during the survey was average, with a
moderate degree of resolution reaching a varying maximum depth between 0.9-1.2m.
However, while the data revealed stratigraphic disturbances within the subsurface, no distinct
hyperbolic anomalies that were indicative of a grave were detected in all six burial scenarios
as well as the two empty control graves. What can be discerned are the many tree roots that
can be seen in most reflection profiles and appear as discrete hyperbola (Fig. 69 & fig. 70). The
tree roots are evident just beneath the ground surface at approximately 0.1-0.3m deep in the
soil.

Fig. 69. Transect 5 of burial plot 19-G09 containing control donor, 19-02. Tree root can be seen towards the end of the
transect (green circle) at approximately 4.5 metres. The depth of the tree root is shallow at ~0.1 metres below ground level.
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Fig. 70. Transect 10 of burial plot 17-G02 containing control donor, 17-04. Tree root can be seen towards the beginning of
the transect (green circle) at approximately 1 metre. The depth of the tree root is shallow at ~0.2 metres below ground level.

Lateral discontinuities are also present in the majority of reflection profiles (Fig. 71 & fig 72)
due to the GPR cart staggering when recording certain transects that were difficult to navigate
through due to large gravel inclusions, and trees, stumps bushes and shrubs that resulted in the
GPR cart to not travel completely linear and instead pivot to avoid these obstacles. While these
can be mistaken as possible reflections, based on the depth, size, nature and frequency of these
linear anomalies, it can be determined that these signify points in the transect where the GPR
cart stalled during data acquisition. These discontinuities were not filtered out as to do so would
risk compromising other possible hyperbolic features that the GPR may have detected.
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Fig. 71. Transect 4 of burial plot 19-G15 containing donor covered in gypsum, 19-16. Staggering can be seen towards the
beginning of the transect (yellow circle) at approximately 1.5 metres.

Fig. 72. Transect 2 of burial plot 17-G02 containing control donor, 17-04. Staggering can be seen towards the end of the
transect (green circle) at approximately 3.25 metres.
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While the GPR survey was able to identify anomalies in the form of tree roots and cart
staggering, ultimately no discernible hyperbola were interpreted between the on-screen
markers that indicated the boundaries of the respective burial scenario. However, while no clear
hyperbola formed, the radargrams did reveal dipping lenses of soil that appear too steep to
signify a natural angle (Fig. 68). As well as this, some radargrams did reveal a level of
disturbance explicitly between the two on-screen markers. While no hyperbola were present,
this disturbance between the boundaries of the grave are perhaps suggestive of soil disturbance
from the hand-dug graves and subsequent backfill or even possibly the contrast between soil
and buried bone. For example, the 2D reflection profiles of transect 6 taken over burial 17-01
and transect 5 taken over burials 17-04 and 19-02 (Figs. 53, 55 & 60) exhibited disturbances
that resembled a reflection event implying that these disturbances may be representative of the
burial scenarios below. Therefore, it is possible there is a correlation between the reflections
and the position of the buried human remains and/or the characteristics of the burial scenarios
itself. To appropriately evaluate the quality of reflection profiles produced for each burial
scenario, a five-point scale was generated with the scores ranging from: ‘none’ meaning no
target was able to be discerned, ‘poor’ meaning a slight reflection was identified, ‘average’
signifying a relatively prominent reflection but with no clear hyperbola detected, ‘probable’
indicating a slight hyperbolic reflection and ‘confident’ indicating the target was able to be
detected with a clear hyperbolic reflection. This five-point scale is presented in Table 2 and is
specific to the collected data directly over the graves which fall between transects 4-6 out of
the 10 transect survey for each burial scenario. This is based on figures 52 to 68 (pages 97105) along the table used to visualise the criteria of the five-point scale.
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Plot
ID

Cadaver
ID

Type

Months/days
between burial to
GPR survey

Visibility quality

Visibility quality

Visibility quality

Transect 4

Transect 5

Transect 6

17-G01

17-01

Mummified donor Summer
(surface desiccation
began 19/01/2017)

33 months, 24 days

n/a

None

Poor

17-G02

17-04

Control donor

33 months, 24 days

None

Average

None

17-G03

17-04C

Empty control

33 months, 24 days

n/a

None

None

19-G09

19-02

Control donor

20 months, 5 days

None

Average

None

19-G00

19-09C

Empty control

17 months

n/a

None

None

19-G13

19-09

Mummified donor Winter
(surface desiccation
began 03/04/2017)

17 months

n/a

None

None

19-G14

19-14

Donor with 40kgs
hydrated lime

16 months, 18 days

n/a

None

n/a

19-G15

19-16

Donor with 40kgs
gypsum

14 months, 24 days

n/a

None

None

Table 2. Five-point visibility scores for each forensic burial scenario using the 500MHz antenna on the MALÅ ProEx system.
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Out of all burial scenarios, the two control donors (17-04 and 19-02), that were interred in the
body’s natural state with no treatment of the body, yielded the highest level of visibility
producing ‘average’ visibility scores due to isolated disturbance that can be interpreted as a
relatively prominent reflection. Additionally, the burial containing the summer cycle
mummified donor 17-01 produced a ‘poor’ visibility score meaning that a slight, low amplitude
reflection was produced in between the boundaries of the grave. Each transect that produced a
visibility score of poor or above had reflections that appeared at approximately 0.2-0.4m below
the subsurface, which corresponds to the depth of the grave floor of 0.4m with the reflections
above this depth being associated with the depth of the bodies placed above the grave floor.
While there were no general trends noted from the visibility scores besides the two controls
being the only burial scenarios to produce average visibility scores, an interesting feature to
note is that the burial scenarios that generated a visibility score that was not “none” were also
the scenarios that have been buried for longer periods of time, whereas more recent burials
should in theory give stronger reflections. For instance, the burial scenarios containing
cadavers 17-01 and 17-04 were buried for the longest period of time which was just under 3
years from when GPR survey was conducted in December 2020. The burial scenario containing
cadaver 19-02 was also buried for a considerably long period being just over 20 months from
initial interment until the GPR survey was conducted. A reduced signal amplitude was apparent
in the majority of the other transects that were recorded, with no discernible high amplitude
reflection events that corresponded to the approximate locations of the burial scenarios. In fact,
the burial scenario that produced the weakest reflection belonged to the burial scenario
containing 19-14, the donor covered in hydrated lime at the time of burial.
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It is important to note that while non-hyperbolic reflections appeared in in transects over the
three burial scenarios, similar non-hyperbolic reflections appeared in transects that were not
collected directly over the location of the burial scenarios. For example, figure 73 depicts
transect 2 that recorded over burial plot 19-G15 which did not acquire data related to the
location of the grave containing donor 19-16. Despite this, an isolated reflection did appear
(indicated by the green circle) at a distance of 3 metres and at a depth of 0.2 metres. This is a
similar pattern to other isolated disturbances or areas of increased amplification, that correlated
to the location of a burial scenario. The same principle applies to figure 74 which also illustrates
the presence of an isolated reflection in transect 8 that recorded over burial plot 19-G13, but
not directly over the grave containing the mummified donor 19-09. Therefore, while isolated
reflection events were seen at the location of certain burial scenarios, they were also seen in
transects that were not related to the position of the graves. Also, other isolated reflections that
were visible in most transects were associated with tree roots on the basis that the depth and
approximate location of the graves were known, which questions the confidence in the use of
GPR to detect clandestine burials in a densely forested and bushland environment.
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Fig. 73. Transect 2 of burial plot 19-G15 that did not record over 19-16, the donor buried with gypsum. An isolated reflection
event can be seen in the middle of the profile at approximately 3 metres, with the depth of the reflection event being noted at 0.2
metres.

Fig. 74. Transect 8 of burial plot 19-G13 that did not record over 19-09, the winter cycle mummified donor. An isolated
reflection event can be seen towards the end of the profile at approximately 3.75 metres, with the depth of the reflection
event being noted at 0.1 metres.
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5.2 Discussion
Controlled geophysical research involving GPR has proven to be an important technique in
archaeological and forensic prospection, with research conducted in the past two decades
continuing to be replicated, challenged and refined (Goodman & Piro 2013;Santos & Teixeira
2017; Zhao et al. 2015). As a result, information gathered from these studies have been applied
to actual forensic investigations as well as archaeological surveys (Schultz & Martin 2011). In
the case of the current study, factors such as the comparison between pig and human remains,
soil type and the implementation of different burial scenarios were all considered and tested to
determine how they affect GPR detection. Previous geophysical studies using GPR have
generally used pig carcasses as human analogues or have only used buried human remains in
a natural state (Baron et al. 2020; Matuszewskie al. 2020). By contrast, this study tested various
archaeological scenarios by mimicking ancient burial practices that have also been evidenced
in recent forensic investigations (Schotsmans et al. 2014a; Schotsmans et al 2014b). Thus, this
study emphasised the importance of testing a multitude of burial scenarios (e.g. use of hydrated
lime or gypsum, mummification) as the differences present in these scenarios can potentially
effect GPR detection. Additionally, the study’s use of two empty control graves was a
significant feature to replicate from Schotsmans et al.’s study (2014a; 2014b) as it would also
demonstrate if disturbed soil or grave cuts could be detected using GPR in order to confirm
whether GPR can pick up anomalies from soil disturbance alone without the presence of
remains.

The outcome of the results disproved some of the hypotheses formulated for this study. On the
basis of Schotsmans et al.’s study (2014a; 2014b), it was hypothesised that the burial scenario
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containing hydrated lime (19-14) would produce strong hyperbolic reflections as the buried pig
carcass with hydrated lime (B4) produced exceptionally strong reflections that correlated to the
position of the grave in Schotsmans et al.’s study. On that same notion, it was also hypothesised
that the burial scenario containing gypsum (19-16) would also produce a strong reflection
based on the similarities between gypsum and hydrated lime (e.g. plaster cast formation,
encourages preservation). Inversely, it was presumed that the burial scenarios containing the
mummified donors (17-01 and 19-09) would not produce strong hyperbolic reflections as the
conclusions drawn from Schotsmans et al’s study determined that strong hyperbolic reflections
were visible in the reflection profiles involving limed and un-limed pigs due to trapped
decompositional fluids within an impermeable lime cast resulting in concentrated moisture
levels causing the GPR to detect the anomaly of highly saturated soil. The results of the current
study confirmed this theory as very weak to no reflections were detected in transects that
correlated to the position of the mummified remains. Furthermore, the presence of relatively
strong reflections were visible in the burial scenarios containing the control donors that were
buried naturally (17-04 and 19-02), however, no hyperbolic reflections formed which goes
against the hypothesis that argued that hyperbolic reflections would be present as they did in
Schotsmans et al’s. study using pig carcasses that were buried naturally as controls. Finally, no
isolated reflections were visible in the empty control graves which confirms what was initially
hypothesised. Ultimately, no hyperbolic reflections were present in any of the burial scenarios
which begs the question as to why the burial scenarios that involved human remains could not
be detected with GPR while Schotsmans et al.’s study that used pig remains and had three
identical burial scenarios (hydrated lime, control, empty control) were able to be detected.
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Comparison of the burial scenarios of the current study (hydrated lime and control) that were
also present in Schotsmans et al.’s study provides insight into which reflection profiles yielded
better results and from this, the factors other than the type of burial scenario that may have
effected reflection strength may be deduced when considering the external environment
specimen type, target size, the distance between the target and the antenna, soil type, the
passage of time from initial interment until survey and the GPR survey itself.

Fig. 75. (Left) Transect 2 of Schotsmans et al.’s 2011 study depicting the reflection profile relating to the control pig (A4). Strong, isolated
hyperbolic reflection is visible at ~ 2 metres. (Right) Representation of transect 5 from the current study relating to the control donor (17-04).
A relatively strong reflection event can be seen at ~2 metres however, no hyperbola clearly formed.

Fig. 76. (Left) Transect 7 of Schotsmans et al.’s 2011 study depicting the reflection profile relating to the pig buried with 12.5kgs of hydrated lime
(B4). A strong, isolated hyperbola is visible at ~ 1.8 metres. (Right) Reflection profile of transect 5 from the current study relating to the donor
buried with 40kgs hydrated lime (19-14). No reflections are present that correspond to the approximate location of the grave indicated by the onscreen markers.

117

Figure 75 depicts a comparison between Schotsmans et al.’s control pig (A4) and one of the
current study’s control donor (17-04). It is clear that the reflection profile from Schotsmans et
al.’s study yielded the clearer results with a clear, isolated hyperbolic reflection visible at
approximately two metres which correlates to the position of the grave. By contrast, the
reflection of the current study indicates a much weaker non-hyperbolic reflection event within
the range of the grave location. Similarly, figure 76 demonstrates the comparison between the
current study and Schotsmans’ et al.’s targets that were both covered in hydrated lime at the
time of burial. Much like the first scenario, Schotsmans et al.’s pig carcass covered in 12.5kgs
of hydrated lime (B4) generated the clearer result with a strong hyperbolic reflection that can
be associated to the location of the grave. Conversely, the current study’s human donor covered
in 40kgs of hydrated lime (19-14) produced no evidence of a reflection event relating to the
location of the grave. Based on the results of Schotsmans et al.’s study and the experimental
set up of the current study, strong hyperbolic reflections on burials containing control donors
(17-04, 19-02), the burial containing the donor buried with hydrated lime (19-14), and the
burial containing the donor buried with gypsum (19-16) were expected to be identified. This
was due to many factors that were implemented in the initial experimental design stages with
consideration of Schotsmans et al.’s experiment, and further developed with the use of human
donors and a contrasting environment.
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5.2.1 Specimen/Target type
The first factor to consider when comparing the two studies are the targets themselves.
Schotsmans et al. used pig carcasses as substitutes for human bodies as the use of human
specimens in experimental trials are not legal in Belgium. For experimental research primarily
focused on human remains, pigs have been widely considered the most suitable analogues for
the human body as the development of recent studies on human bodily decay and burial
location have suggested (Schotsmans et al. 2014). Indeed, pigs have been extensively used as
a translational research model in taphonomic investigations in different burial environments
and climates. For example, studies have tested the effect soil and burial type had on adipocere
formation of pig remains (Forbes, Stuart & Dent 2005). Furthermore, studies have used pigs to
model human burials in contrasting environments such as arid and temperate climates (Janaway
et al. 2009). The justification behind using pig carcasses as human proxies stem from their
comparable skin structure, similar fat distribution and hair cover, as well as a matching ability
to attract insects (Summerfield, Meurens & Ricklin 2015). Furthermore, pigs share a similar
anatomy, having the same thoracic and abdominal organs, a similar fat muscle ratio, body mass
and overall physiology as humans (Schotsmans et al 2014). These anatomical and
physiological similarities enable to hypothesise that both pig and human remains undergo a
comparable pattern and rate of decomposition when buried in similar conditions. With all these
similarities considered, the use of human or pig specimens in a geophysical study involving
GPR should not affect reflection strength and because of this, the absence of hyperbolic
reflections in the current study cannot be associated with the use of human cadavers instead of
pig carcasses.
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5.2.2 Target size
On a similar notion, the differences in target size between pig and human specimens are a factor
that may affect reflection strength as well as hyperbola size. In the current study, the donors
that were used were all full-grown adults, As all the human donors reached physical maturity,
the average height of the donors was 166cm, and the weight of three donors that were able to
be weighed at the time of death recorded were 65kgs (19-09), 70kgs (19-14), and 53.4kgs, (1916), making the median weight of the human specimens 65kgs. These measurements all fall
within the range of an expected average height and weight for full-grown adults (Australian
Bureau of Statistics, 2013), which can be considered a relatively large target able to be detected
by GPR when considering that GPR can detect smaller targets such as production pipelines,
underground voids, and tree roots (Jol 2008). On the other hand, the pig carcasses used in
Schotsmans et al.’s study were aged between 10-12 weeks, and thus were quite underdeveloped
and obviously smaller than the human donors used in the current study. In fact, the average
length between all the pig carcasses prior to exhumation excluding the tail was 90cm, just over
half the average length of the human donors. It is important to note that the human donors were
buried in flexion, making the targets appear smaller in both dimensions (~100x57cm),
however, it is not to the extent of the average length of the pig carcasses.

Furthermore, the average mass of the pig carcasses in Schotsmans et al.’s study was 21.5kgs,
a third of the average weight of the human donors that were used in the current study. These
stark differences in target size are important to consider when hyperbolic size and reflection
strength are somewhat dependent on the size of the target that is being detected. It is known
that larger objects buried within the subsoil may produce larger hyperbolae while smaller
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buried objects will form smaller hyperbolae. This is because as the antenna travels over the
ground surface transmitting electromagnetic waves into the subsoil, these waves will reflect
off the target at the first point of contact and will continue to reflect energy back into the
receiving antenna as it continues to pass over the target reaching peak amplitude once directly
over the target and will stop reflecting energy once it moves completely away from the target
as there is no boundary to reflect off. With larger targets, the reflections spread across a much
greater distance, resulting in wider, larger hyperbolae (Pérez-Gracia et al. 2007). Smaller
targets then will produce small and narrow hyperbolae as the reflections are distributed across
a much shorter distance (Fig. 77). Based on this information, it is reasonable to assume that
strong hyperbolic reflections would appear in the burial scenarios of the current study as the
targets were much larger in size in comparison to the pig carcasses.

Fig. 77. Differences in hyperbola shape between a set of brick junctions (a) and a singular target (b).
(Pérez-Gracia et al. 2007).
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5.2.3 Orientation of target
While target size partially determines the size and reflective strength of hyperbola, so too does
the orientation of a target as well as the orientation of the transect in respect to the target. In
order to produce data displaying large and clear hyperbola, the orientation of the target and the
orientation of data collection should be considered when designing a GPR survey. Essentially,
orientation will affect signal response due to the amount of surface area that is reflected from
the target. For example, two targets that are the same size but orientated vertically and
horizontally within the subsurface will produce different hyperbola sizes (ibid). The target that
is orientated horizontally will allow the antenna to reflect off more surface area while the target
orientated vertically, although the same size, will produce smaller hyperbola as the amount of
surface area that electromagnetic waves can reflect off is much smaller (Fig. 78). Additionally,
the orientation of data collection also plays a pivotal role in determining hyperbola size and
strength. For instance, if data was acquired parallel to the target, the antenna would travel
completely over the target as opposed to data that was collected perpendicular to the target
doing so would only record a portion of the target. Therefore, the more surface area that can
be reflected back to the antenna, the larger and stronger the hyperbola will be.

Fig. 78. Two pipes that are the same size but orientated differently. Pipe a) will produce a narrow
hyperbola while pipe b) will provide a much greater response and generate a larger hyperbola
(https://gprtrainingcourses.com/).
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Taking the orientation of targets and data collection into consideration in regard to the current
study and Schotsmans et al.’s study, both targets were orientated parallel to the subsurface i.e.,
horizontally. This is ideal as it provides more surface area for electromagnetic energy to reflect
from the target and back into the antenna, producing strong reflections. However, the
orientation of data collection in both studies was conducted in a south-north direction while
the targets were buried on an east-west plane, meaning that data was collected perpendicular
to the target. While this can be viewed as a contradictory to what would be considered an ideal
orientation for data acquisition, this orientation allowed the collection of multiple transects to
be recorded directly over the graves allowing for a greater sample of data to interpret. If the
orientation of data collection was conducted parallel to the target, only one transect would have
been able to record the grave, minimising the opportunity for burial detection. Furthermore,
strong hyperbolas were generated in Schotsmans et al.’s study despite the orientation being
perpendicular to the target. Thus, it can be assumed that because strong hyperbolic reflections
were visible in Schotsmans et al.’s study despite the orientation of data collection being
perpendicular to the target, the orientation of data collection may not have affected the current
study which was also orientated perpendicular to achieve consistency between the two studies.

5.2.4 Target depth
Target depth is another factor to consider in relation to reflection strength and hyperbola size
of GPR data between the two studies. Despite targets being the same size or material, if they
are buried at varying depths, different GPR responses will be produced (Jol 2008). Wider
hyperbola will be generated if the target is found at a greater depth, while smaller hyperbola
will form at targets located at a shallow depth (ibid). This is due to the conically shaped
transmission of electromagnetic waves. Essentially, the signal from the GPR antenna being
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transmitted in a conical shape will spread and reflect off a deeper target without having to be
directly over the target and as a result will produce larger hyperbola. Conversely, targets that
are buried at a shallower depth within the subsurface will produce reflections as the antenna
travels directly over the target as the spread of signal will narrow upon reaching a shallow
target (Fig. 79). While target depth affects hyperbola size, reflection strength can also be
affected if transmitted signal attenuates which is likely to happen at deeper levels within the
subsurface (ibid).

Fig. 79. Illustration of a GPR unit travelling over the ground surface with two identical
targets buried at different depths below. EM waves spread and hit the deeper target without
having to travel directly over the deeper target. Shallow target is only detected once the GPR
unit is directly on top of the shallow target due to conical spread of EM waves.

The depths of the graves in both the current study and Schotsmans et al.’s study were buried
at shallow depths, with the grave floor of all burials of the current study being 0.4 metres and
the grave floor of the burials Schotsmans et al.’s study varying between 0.34-38 metres. This
explains why the hyperbolae that can be seen in the reflections profiles associated with
Schotsmans et al.’s study are narrow yet the reflection strength is strong. Interestingly, the
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depths of the graves in the current study are virtually identical being slightly deeper by 20-40
millimetres and yet no hyperbola were visible in the reflection profiles of the current study. It
is unlikely that grave depth influenced the lack of hyperbola in the current study as the grave
depths between the two studies are too similar with the slight difference being negligible to
GPR detection. Essentially, because hyperbolic reflections appeared in Schotsmans study, so
too should they have formed in the current study with a similar target depth. Therefore, it can
be discerned that target depth did not account for the absence of hyperbola in the current study.

5.2.5 Passage of time
A considerable difference between the current study and Schotsmans et al.’s study is the
passage of time between initial internment and the GPR survey. In Schotsmans et al.’s study,
the time that transpired between initial interment of the pig carcasses until the GPR survey was
eight years and ten months (~nine years). The current study however, had donors that were
buried at different periods of time as there are extensive wait times for human donors at the
AFTER-donor program as the death of a registered donor is always unpredictable. Therefore,
the time that transpired between initial internment and the GPR survey varied with the longest
time that transpired being 2 years, 9 months and 24 days while the shortest time that passed
between burial and the GPR survey was 1 year, 1 month, and 24 days. There is a stark
difference of approximately six years between the donor that was buried for the longest period
of time in the current study, and the pig burials in Schotsmans et al.’s study. The potential
explanations on the presence of hyperbolic reflections in Schotsmans et al.’s study were
theorised during the preliminary stages of this master’s research in ARCH301 and EESC229.
It was deduced that clear hyperbola present in the results of the three-month post internment
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GPR survey in Schotsmans et al.’s study was attributed to the conductive decompositional
fluids from the decaying pig carcasses resulting in strong reflections. However, in the ~nineyear post internment survey, strong hyperbolic reflections were also visible, and it is highly
plausible that any decompositional fluid evaporated or leeched into the soil after such a long
period of time. Confirming this are observations made from the exhumed pig carcasses after
17 months or burial, and 42 months of burial (Fig. 80).

D

E

F

Fig. 80. (Left) Liquefying remains of A) control pig, B) pig buried with hydrated lime and C) pig buried with quicklime,
exhumed 17 months post internment. (Right) Skeletonised remains of D) control pig, E) pig buried with hydrated lime and F)
pig buried with quicklime, recovered 42 months post burial (Schotsmans et al. 2014)
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Clearly, the pig carcasses that were exhumed at the 42-month period have undergone
skeletisation, completing the final stage of decomposition. Therefore, it can be assumed that
the remaining buried pigs that were recorded in the GPR survey conducted ~nine years postinternment had also completely skeletonised at the time of the survey, implying that no
conductive decompositional fluid remained within the burials. Despite the absence of
decompositional fluid, these ‘clandestine’ burials were still detected. This potentially confirms
that another factor is to be associated with the strong hyperbolic reflections seen at the ~nineyear post-burial survey. On a similar note, the pig carcasses that were exhumed 17 months post
burial were not completely decomposed and were still in a liquefying state, with the decay
progression of the un-limed control pig carcass being slightly advanced as the initial stages of
skeletonization were apparent (Schotsmans et al. 2014). This time period is still significantly
longer than the time post-internment of the oldest burials in the current study (~34 months).
With that considered, it can be assumed that a human body with a larger surface area to volume
ratio than a pig carcass would not be in such advanced stages of decomposition between 15-33
months which suggests that the body itself and the surrounding grave environment would
contain a degree of conductive moisture which was expected to cause a GPR response.
Although, the presence of a potential sinkhole exposed the skeletonised femur and tibia of the
control donor 17-04, indicating that the corpse has undergone at least partial skeletonization.
However, as only those remains were visible, it is impossible to confirm whether the whole
corpse underwent complete skeletonization without exhumation of the grave. Furthermore, the
sinkhole has exposed the remains to large vertebrate scavengers, and it is possible that the
remaining flesh surrounding femur and tibia were consumed. Nevertheless, the remains must
undergo further analysis to confirm this through the presence of gnaw marks on the bone.
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Ultimately, as this was a control donor, like the control pig exhumed at 14 months, it is possible
that the remains of 17-04 were also in a state of liquefication at a more advanced stage of
decomposition with the skeletisation of certain areas. As the remains of 17-04 have been buried
an additional 19 months from the control pig exhumed at 14 months, this scenario is what is
most expected. However, as none of the cadavers in the current study have been exhumed, no
definitive answer can be stated regarding the progression. Further investigation, involving the
exhumation on the buried remains used for the current study should provide insight on the level
of decomposition and how this may have affected the GPR results of the current study. As well
as this, future research surrounding the effects of the rate of decomposition on GPR reflection
strength must be considered in experimental research.

5.2.6 Soil type
While the level of decomposition can be speculated based on Schotsmans et al.’s study, there
are other external factors present in both studies that will effect both the rate of decomposition
as well as GPR detection. The most evident being the soil in which the remains have been
buried in. In Schotsmans et al.’s study, the soil map was determined to be a dry sandy loam
which can be defined as 30 percent or more very coarse, coarse, or medium sand, and less than
30 percent either fine or very fine sand (Schoeneberger, Wysocki & Benham 2012).
Additionally, the soil profile consisted of a humic topsoil A-horizon and a subsoil B-horizon
with clear eluviation and illuviation layers (Schotsmans et al. 2014). Due to these illuvial and
eluvial layers as well as its dry consistency, the soil was loose, yet coherent, allowing for
excellent drainage conditions (Schoeneberger, Wysocki & Benham 2012). By contrast, the soil
map of the current study was deemed a sandy clay loam, which is defined to have 20 to 35
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Fig. 81. Soil texture as a function of the proportion of sand, silt, and clay particle sizes.
(Encyclopaedia Britannica, Inc.).

percent clay, less than 28 percent silt, and 45 percent or more sand (Fig. 81). The soil profile
at the AFTER facility has been characterised by Luong et al. (2018) as consisting of a rich,
dark, organic topsoil in the O and A1 horizons at a depth of 15cms, which overlayed the A2
and B horizons that consisted of predominately sand with lenses of silt and minor yellow/brown
clays extending to depths of approximately 30cm and 80cm below ground (Barton et al. 2020).
The material properties of soil that make up the subsurface surveyed by GPR have the potential
to affect GPR results as these properties affect how deep the GPR antenna can prospect as a
result of signal attenuation (Goodman & Piro 2013). Essentially, there are a subset of properties
within the material that determine the electrical susceptibility i.e. the dielectric constant of the
material which are conductivity and permittivity and these factors affect the performance of
GPR signal (ibid). Conductivity relates to how long signal strength is going to be maintained
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while permittivity refers to the speed that transmitted wave is moving within the subsurface
material. As such, materials with high velocities will generally have low conductivity which is
ideal for a GPR survey as this sustains the transmitted signal with the chance of that signal
dissipating being quite low. Inversely, materials with low velocities will often be highly
conductive, causing rapid signal attenuation (Jol 2008). Therefore, soils that are low in
conductivity are generally dry sandy soils due to sand having a larger particle size as well as
no bonds holding these particles together which allows for a large quantity of air to be trapped
between the grains (Basson 1992). On the other hand, soils that are high in conductivity would
be associated to clay soils, even more so with having a high moisture content. This is due to a
significantly smaller particle size in addition to ionic bonds that hold these particles together
which in turn increases moisture retention and prevents oxygen from entering the soil (ibid).
This soil matrix would cause the transmitted GPR signal to rapidly attenuate as the
electromagnetic waves would firstly pass through the soil at a low velocity and secondly, would
be unable to maintain the signal strength for a prolonged period of time.
With this information considered, it can be deduced that the dry sandy loam present in
Schotsmans et al’s study with a low conductivity allowed for the transmitted GPR signal to be
maintained throughout data acquisition while simultaneously allowing for electromagnetic
waves to pass through the subsurface at a high velocity, causing no disruption or attenuation
of signal which likely aided in producing strong, clear reflections. As GPR fundamentally
detects change in an otherwise homogenous context, the contrast between a dry, loosely
compacted sandy loam and an isolated grave with many polarising characteristics that affect
the magnitude and direction of the electromagnetic field (Radzevicius & Daniels 2000), such
as the presence of moisture, bone, flesh, hydrated lime and quicklime would cause a strong
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reflection as the GPR has identified a distinct difference within the soil context. The sandy clay
loam matrix in the current study although having a slightly higher percentage of clay, the two
soil matrices are essentially quite similar. It is possible that the higher percentage of clay has
contributed to signal attenuation in the GPR survey over all burial scenarios. Another
possibility is the lack of contrast between the buried human remains and the sandy clay loam
they were buried in. As clay is able to retain moisture, it is plausible that the moisture within
the clay and the moisture levels within the grave were considered to be homogenous and the
GPR was unable to detect changes in the subsurface. However, the moisture content within in
the soil (with exception of possible decompositional fluids within the graves) at the time of
survey would have been considerably low, as the total rainfall from the start of December until
the day of the survey (9th December) was 4.8mm, and the total rainfall of the month of
November 2020 was 19.6mm. Therefore, it is unlikely that the minor differences between the
soil in Schotsmans et al.’s study and the current study significantly contributed to the absence
of hyperbolic reflections in all burial scenarios in the current study. While it may have triggered
a degree of signal attenuation, it is unlikely that would have affected as the grave floor was too
shallow for the GPR signal to attenuate that rapidly.
Additionally, the porosity and permeability of soil is also critical to consider as it can affect the
rate of decomposition on decaying remains buried within it. As porosity is the percentage of
soil volume filled with water, soils with a high clay content have higher levels of porosity as
clay is highly absorbent (McClaugherty 2001). Soils with a high sand content, however, have
low levels of porosity as sandy soils drain quickly and as such will not retain water well. On
a similar note, the permeability is the ability of water or air to move through soil. As a
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consequence, soils with a high clay content have low levels of permeability as clay has a small
grain size (smaller than 0.002mm in diameter), and ionic bonds that restrict movement within
the soil (ibid). By contrast, soils with a high sand content have high levels of permeability due
the coarseness of sand and the larger sized grains (0.05-2.0mm in diameter). This allows for
water and air to move through the soil freely (Carter, Yellowlees & Tibbett 2010). This is also
beneficial for a GPR survey as it allows electromagnetic waves emitted from the GPR antenna
to permeate through the soil easily as opposed to clay rich soils. Furthermore, the circumstances
of having grave soil with high or low porosity and permeability will affect the level of
decomposition of remains buried within it. Clay soils that have high levels of porosity and low
levels of permeability resulting in the restriction of airflow and high moisture retention. A highwater content stemming from decompositional fluid results in a low oxygenated environment
causing aerobic microbial activity to decrease delaying the decomposition process (Tumer et
al. 2013). Due, to the ionic bonds present in clay, the clay minerals bind to wet organic material
which prevents microbial access that is essential to accelerate decomposition (McClaugherty
2001). Furthermore, increased moisture levels within the grave soil may lead to preserving
remains when reaching a stage of anaerobic decomposition as opposed to encouraging
complete skeletal decomposition with the formation of adipocere (Forbes, Stuart & Dent 2005).
Sandy grave soil however, due to its highly oxygenated environment, allows aerobic microbial
activity to thrive aiding in decomposition that promotes skeletonization as the end result.
Despite this, preservation is also possible in especially arid sandy conditions encouraging
desiccation (Finaughty & Morris 2019). While this is true, the level of contrast increasing the
success rate of GPR detection would be greater in clayey grave soil with an isolated area of
moisture caused by decompositional fluids as opposed to a dry sandy environment with equally
dry buried remains. Generally, the level of decomposition influences
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GPR and its detection abilities (Salsarola et al. 2015), and the more a grave environment differs
with the background soil stratigraphy, the more likely it will result in a higher level of contrast,
increasing the likelihood of GPR detection. Ultimately, there is evidence that grave soil
environment plays an imperative role in the rate of decomposition of buried remains.

5.2.7 Plaster cast formation
The final factor that would likely affect both the level of decomposition as well as the GPR
response was the application of hydrated lime on the remains in both Schotsmans et al.’s study
and the current study, and the addition of applying gypsum to remains in the current study.
Reflecting on the lime and gypsum cycles, both minerals undergo an endothermic reaction
when heated, followed by an exothermic reaction once hydration of the mineral occurs through
steam, water, or for instance decompositional fluid which transforms the mineral from a
powdery state to a substance with a creamy consistency. In the case of hydrated lime, however,
this step is already completed through slaking. When this creamy substance is exposed to air,
moisture is removed, and re-absorption of carbon dioxide occurs forming a hardened plaster.
This category of plaster formation over buried remains have been extensively evidenced
throughout the archaeological record, identified through FT-Raman spectrology and X-ray
diffraction (XRD) (Schotsmans et al. 2019). Additionally, controlled experimental research
provides further insight and clarity regarding plaster formation over buried remains. In
Schotsmans et al.’s study, burials containing pig carcasses covered in hydrated lime or
quicklime revealed a solid cast that covered the decaying remains with a considerable amount
of space between the cast and the carcass of the pig. This suggests that the lime casts began to
form whilst the pig carcasses were in a stage of bloat which was followed by the deflation,
liquefication and subsequent skeletonization of remains leaving a large void (Fig. 82).
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Fig. 82. Lime cast formation after subsequent deflation of bloated pig carcass,
leaving an air void between the carcass and the cast. (Schotsmans et al. 2014)

Confirming this, is analysis of the inner surface (pig side) of the plaster cast that revealed a
yellow-brown organic layer (Fig, 83) comprising of pig hair with the original skin creases of
the pig carcass also visible (Schotsmans et al. 2014). The stage of plaster cast hardness was
also investigated in the case of the lime plaster cats in Schotsmans et al.’s study and
observations suggest that cast hardness can also attest to the level of decomposition of buried
remains by determining the hardness of the cast. Plaster casts with evidence of softness or
creaminess and lacking in cohesive strength suggest that there are still significant amounts of
moisture released from decomposing remains while a completely hardened cast is indicative
of an advanced stage of decomposition due to the lack of moisture in the grave and the complete
carbonation of the plaster.
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Fig. 83. Inner surface of lime cast showing yellow/brown organic layer, skin creases
and empty fly pupae cases (Schotsmans et al. 2014).

Moreover, through observations of the pig carcasses in Schotsmans et al.’s study post
exhumation revealed that pigs that were buried in either hydrated or quicklime were at a less
advanced stage of decomposition than the pig carcasses that were buried naked (i.e. without
any artificial treatment to the corpse). Essentially, pig carcasses encased by the lime cast
discouraged rapid decay resulting in a larger mass of fat, muscle and soft tissue on the limed
pig carcasses as opposed to the naked pig carcasses (Fig. 80). Ultimately, similar to encasing
remains with tarpaulin, a common burial scenario discovered in clandestine graves, the
formation of a plaster cast created a barrier that trapped decompositional fluid and prevented
it from leeching into the surrounding soil environment inhibiting rapid decomposition.
Furthermore, the formation of a plaster cast has the potential of affecting GPR reflection
strength. Firstly, as decompositional fluids are trapped within the confines of the plaster cast,
the
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GPR has a higher chance of detecting a highly conductive, isolated anomaly such as this which
would likely result in strong hyperbolic reflections. Additionally, by the time of skeletonization
with all soft tissue, fat and decompositional fluid depleted, what remains inside the cast are
bones and an air pocket as a result of the shrinking carcass (Fig. 82). The contrast between
subsurface material and an isolated void is enough contrast to produce a GPR response that is
likely to result in strong reflections. In Schotsmans et al.’s study, the stronger hyperbolic
reflections were from the limed pig carcasses, with these factors likely to be the reason.
although the results also attest to GPR’s ability to detect change regardless of whether lime
was present or not as reflections were also visible in the naked pig carcass. As the current study
produced no reflections, it is possible that both the lime and gypsum burials either failed to
produce a completely hardened cast that allowed moisture to leech into the subsurface. While
the amount of hydrated lime differed between the pigs in Schotsmans et al.’s study and the
current study, it was due to the comparable size difference between the two specimens. A large
adult human required more hydrated lime in order to compensate for the greater surface area
while small adolescent pigs required significantly less hydrated lime. As such, this difference
of the amount of hydrated lime used in both studies are insignificant as the GPR would have
recorded similar reflections. Ultimately, exhumation of graves containing donors 19-14 and
19-15 will confirm cast formation and observations will possibly provide clarity for the lack of
GPR response in these burial scenarios.

5.2.8 Signal strength
With consideration to the parallels between Schotsmans et al.’s study and the current study it
has been determined that the above factors unlikely contributed to the lack of hyperbolic
reflection in the current study. Burials between the two studies with similar variables yielded
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different results, while slight differences between the soil profiles of the study are deemed
inconsequential to have affected reflection strength to such a degree. As such, a critical
limitation was determined to likely be the cause of the absence of hyperbolic reflections in the
current study. The 500MHz GPR antenna used in the current study possessed an abnormally
weak signal strength when compared to another unit (of similar brand and configuration) after
the survey took place. When viewing the signal strength displayed on the monitor, the waves
emitted from the antenna appeared to be weak and with a drift of dampened wave triplets that
is antithetical to proper, strong vertical signal that decreases in amplitude with depth (Fig. 84).
Despite calibrating the GPR unit, adjusting signal parameters in order to increase signal
strength, little improvement was seen. While these were the circumstances of this particular
GPR unit, it was still anticipated that the frequency of the antenna would detect the burial
scenarios due to the shallow grave floor and the size of the target. It was also considered that
the processing sequence would enhance hyperbolic reflections if they were not clear within the
raw data. However, this was not the case, and it is possible that the signal was too weak causing
the signal to attenuate that strong hyperbolic reflections could not be produced. This could
explain why weak reflections can be seen in transects relating to the location of a burial as the
GPR was able to detect the distinction between subsoil and decomposing remains, but the
signal was too faint to capture this contrast entirely. Additionally, the fact that the strongest
reflections were shallow tree stumps located just below the grown surface level could suggest
that the signal strength began to attenuate after this point.

Confirming that the poor signal strength is what resulted in no clear hyperbolic reflections
produced for any burial scenario was the comparison between the GPR unit that conducted the
survey with another MALÅ ProEx system also with a 500MHz antenna provided by UTS (Fig.
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37). The signal parameters on both units were identical in order to determine whether the signal
strength was affected by the parameters used. The comparison revealed that the antenna of the
device provided by UTS produced a strong electromagnetic signal that had large consistent
waves forming triplets — waves that have parallel amplitudes forming three distinct peaks.
This suggests that the signal would unlikely attenuate at the rate of the antenna used to conduct
the survey. Figure 84 demonstrates the significant difference in signal strength between the
two antennas, reinforcing the belief that the weak signal strength projected from the antenna
conducting the survey resulted in no hyperbolic reflections for any burial scenario recorded.

Fig. 84. Signal parameter screen of the MALÅ ProEx system provided by UTS (left) indicating strong signal strength, and signal parameter screen of
the MALÅ ProEx system used to conduct the geophysical survey (right) indicating a weak, inconsistent signal. Signal parameters are identical with
exception to the sampling frequency as the frequency parameters have default values for MALÅ systems. As much the closest value to7500MHz for both
units were selected, with a significant difference in frequency in the unit used to survey the burials.

Further investigation verified this theory through recording a single transect using the UTS
MALÅ ProEx system over the burial containing control donor 17-04. Viewing the data in real
time revealed a strong hyperbolic reflection prior to external data processing when passing over
the target. It is possible that the GPR identified the human remains buried within the subsurface,
however, it is also likely that the GPR detecting the contrast between compacted soil and the
air pocket created by the sinkhole. Regardless of what was detected, the GPR unit that was
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used to survey the whole area was unable to produce any hyperbolic reflections when recording
over the same grave even after processing was applied. Therefore, it is conceivable that strong
hyperbolic reflections would have been visible in the data if the survey was conducted using
the GPR provided by UTS. The data files belonging to the GPR provided by UTS were unable
to be accessed, however, another geophysical survey in the same study area using a GSSI
UtilityScan was conducted by Dr Amy Dougherty concurrently to the survey conducted for the
current study, and access to data collected over the study area was granted for comparative
purposes between the two datasets. The UtilityScan data that will be examined are the raw data
files of the survey as RadExplorer was unable to read GSSI data files and as a consequence,
the processing sequencethat applied to the MALÅ ProEx data could not be implemented to the
GSSI data (Fig. 85). Therefore, a specific focus was placed on the differences in raw signal
strength prior to signal correction, as well as the appearance or lack of hyperbolic reflections
over the same graves between the two datasets (Fig. 86-91).

Fig. 85. Output of raw GSSI data when uploaded to RadExplorer software.
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GSSI UtilityScan

MALÅ ProEx

Fig. 86. Transects taken directly over the estimated location of burial containing control donor 17-04. In the raw GSSI data (red/blue), a large,
clear hyperbolic reflection within the on-screen markers was visible outlined in the green circle. The raw MALÅ data (greyscale) however
shows no evidence of any hyperbolic reflection. Note: The middle on-screen marker was placed as the GPR travelled over the hole.

GSSI UtilityScan

MALÅ ProEx

Fig. 87. Transects taken directly over the estimated location of burial containing control donor 19-02. The raw GSSI data revealed a hyperbolic
reflection while no reflections can be seen in the raw MALÅ data.
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GSSI UtilityScan

MALÅ ProEx

Fig. 88. Transects taken directly over the estimated location of the burial containing mummified donor (winter cycle)19-09. A hyperbolic
reflection is visible in the raw GSSI data corresponding to the approximate location of the grave. Another stronger hyperbolic reflection can be
seen at the beginning of the transect at a depth of 0.2 metres, suggesting that this is likely a large tree root. No evidence of a hyperbolic
reflection can be seen in the raw MALÅ data.

GSSI UtilityScan

MALÅ ProEx

Fig. 89. Transects taken directly over the estimated location of the empty control grave 19-09C. A slight hyperbolic reflection can be seen
within, but slightly off centre from the on-screen markers of the GSSI raw data. This reflection is likely the GPR responding to the grave cut
or the backfill that may be different in compaction compared to the background stratigraphy. The raw MALÅ data does not reveal any
hyperbolic reflections.
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GSSI UtilityScan

MALÅ ProEx

Fig. 90. Transects taken directly over the estimated location of burial containing donor covered in hydrated lime 19-14. For both datasets, no
hyperbolic reflections were present.
GSSI UtilityScan

MALÅ ProEx

Fig. 91. Transects taken directly over the estimated location of burial containing donor covered in gypsum 19-16. A strong hyperbolic
reflection can be seen in the raw GSSI data outside the projected location of the burial, suggesting that the estimation was slightly off. A
disturbance can be seen in the raw MALÅ data, but no hyperbola formed.
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Further interpretation of the raw data files of the GSSI UtilityScan and the MALÅ ProEx
revealed that there is a noticeable difference between signal strengths in each transect, with
the signal emitted from the GSSI UtilityScan displaying large triplet waves that were consistent
i.e. no flat or low amplitudes, while the signal emitted from the MALÅ between the two units
indicate a disrupted signal with waves skewed to the left followed by the signal dissipating
after 0.4 metres. This suggests that the signal strength in the MALÅ ProEx system was unstable
and rapidly attenuated at a shallow point in the subsurface. Additionally, the signal emitted
from the GSSI UtilityScan provided a strong signal that was able to penetrate the subsurface
with ease, detecting hyperbolic reflections in most burial scenarios. This discovery supports
the idea that hyperbolic reflections were not generated from the MALÅ ProEx system due to a
weak and unstable signal strength that was unable to successfully penetrate the subsurface
material and thus failed to detect any burial scenarios. Table 3 defines the hyperbolic reflection
strength in the unprocessed GSSI data using the same five-point scale system as Table 2. Table
3 also specifies whether the hyperbolic reflections were within the on-screen markers in order
to confirm whether the estimated grave locations were correct.
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Months/days between burial
to GPR survey

Visibility quality

Mummified donor - Summer
(surface desiccation began
19/01/2017)

33 months, 24 days

n/a

n/a

17-04

Control donor

33 months, 24 days

Confident

Yes

17-G03

17-04C

Empty control

33 months, 24 days

n/a

n/a

19-G09

19-02

Control donor

20 months, 5 days

n/a

n/a

19-G00

19-09C

Empty control

17 months

Probable

Yes

19-G13

19-09

Mummified donor - Winter
(surface desiccation began
03/04/2017)

17 months

Probable

Yes

19-G14

19-14

Donor with 40kgs hydrated lime

16 months, 18 days

None

n/a

19-G15

19-16

Donor with 40kgs gypsum

14 months, 24 days

Confident

No

Plot
ID

Cadaver ID

17-G01

17-01

17-G02

Type

Transect 4

Hyperbola within
markers

Table 3. Five-point visibility scores for each forensic burial scenario using the 500MHz antenna on the GSSI UtilityScan.
Note: Data for some burials was not collected.
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Despite the inability to completely process the GSSI UtilityScan data in order to enhance
hyperbolic reflections, there were visible signatures which correlated to the approximate
locations of the grave as well as the depth of the grave floor. Interestingly, the strongest
hyperbolic reflection belonged to the transect recording over the burial containing the control
donor, 17-04. Inspection of the data confirmed that the GPR detected the remains. While the
peak amplitude of the hyperbola was essentially right underneath the ground surface at a depth
of 0.1 metres (Fig. 86), it is associated with the air surface interface shifting due to the signal
travelling faster through air, as the relative permittivity of air is low. The only other equally
strong hyperbolic reflection appeared outside the marked locations of the grave containing
donor 19-16. This could be due to the location of the graves being an estimation from both the
dataloggers placed around each grave and pegs that were placed on the corners of the graves
upon backfilling. However, not all pegs remained due to changes to the ground surface that
would have occurred over the years, particularly vegetation changes. Therefore, the location of
the graves was estimated based on any pegs that remained in the ground or through any
vegetation anomalies that implied that the grave was roughly in that vicinity. Because of this,
it can be assumed that isolated reflection that occurred outside the on-screen markers, but
within the same depth as the grave floor can still be related to the burial as it is possible the
grave locations were slightly inaccurate.

It is possible that the strong hyperbola associated with cadaver 19-16 came as a result of a) the
notion that this was the youngest burial and thus the body was not yet in an advanced state of
decomposition at the time of survey and b) the formation of a gypsum plaster cast, which
expands unlike lime on cast formation creating a larger surface area. Moreover, the formation
of this plaster cast would have trapped decompositional fluid increasing the dielectric constant

145

of the grave which resulted in the GPR detecting the stark contrast between the moist grave
surroundings and the remaining subsurface material. Furthermore, no hyperbolic reflections
were visible in the GSSI data associated with the burial scenario incorporating hydrated lime
which was unexpected as all remaining burial scenarios recorded with the UtilityScan produced
hyperbolic reflections and it was hypothesised that the burial scenario containing lime would
produce the strongest reflections as they did in Schotsmans et al.’s study. Why no hyperbolic
reflections were visible for the lime burial scenario could possibly be a result of the obstructions
within the burial plot that prevented data acquisition of the majority of the area, allowing only
one transect to be recorded over the estimated location of the grave which could possibly be
incorrect. Thus, it is conceivable that the actual parameters of the grave were unable to be
accessed due to obstructions which were mainly fallen tree logs too heavy to be moved.
Ultimately, the lack of hyperbolic reflections from data collected for the current study using
the MALÅ ProEx system can be attributed to poor signal strength emitted from the antenna.
Evaluation of the data collected with the UtilityScan confirmed that all burial scenarios (with
the exception to the burial scenario containing lime) that were recorded, including one empty
control grave were all successfully detected and as such, the GPR survey conducted for this
thesis would have detected the majority of burial scenarios with a properly operating GPR
possessing a strong signal.
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5.3 Conclusions
Prior to conducting a geophysical survey to detect archaeological burial scenarios, multiple
grave variables must be considered. Factors such as soil type, the size of the target, and the
inclusion of foreign materials all have implications on the success of GPR detection. In this
study, several archaeological grave scenarios such as mummification and the mortuary
application of gypsum and lime were replicated in a controlled setting to test which scenario
would produce better reflections and what variables affected reflection strength. When
comparing the results of the current study to Schotsmans et al.’s study, it was determined that
these variables should not have significantly affected reflection strength to the extent of no
hyperbolic reflections produced in the current study’s dataset. This was due to the similarities
taking precedence over the different variables between the two studies, with the factors that
would have had the most significant impact being the size of target. It was then deduced that
the complexity of geophysical equipment must also be considered upon conducting a
geophysical survey as the realities of utilising GPR for archaeological prospection comes with
challenges that need be anticipated.

The importance of signal strength is stressed highly in this study as the disrupted signal from
the GPR unit used in the current study ultimately led to a defective dataset despite attempted
signal correction in processing. A significant limitation was having one set of data that was
collected relying on a singular antenna which ultimately led to a dataset with no hyperbolic
reflections. This study accentuates the importance of acquiring data from various avenues when
undertaking a geophysical survey in order to fortify a study’s dataset. For instance, the
application of different antennas, such as the combination of a 250MHz and a 500MHz antenna
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(Schultz & Martin 2011; Pringle et al. 2020), would have resulted in a comprehensive dataset
that would have elevated the study. Fortunately, data recorded externally from the study
conducted using a GSSI UtilityScan provided significant insight regarding burial factors that
affect hyperbolic strength. The GSSI data revealed that strong hyperbolic reflections can be
seen in the majority of burial scenarios, with the strongest being the grave containing the donor
buried with gypsum (19-16). The formation of a plaster cast increased grave visibility which
confirmed the preliminary hypotheses formulated based on Schotsmans et al.’s study. While
another strong hyperbolic reflection was seen belonging to the grave containing control donor
17-04, the reason for this can be attributed to the sinkhole that caused significant dielectric
contrast between air and soil. Essentially, hyperbola was formed on unprocessed data viewed
on field, which did not occur for any burial scenarios recorded using the GPR unit that
conducted the entire survey. Finally, this study drew many parallels from Schotsmans et al.’s
study in terms of design and results, to determine whether ancient burial practices can be
detected using GPR using human specimens rather than pigs as human proxies.

The current study processed, assessed and compared data taken from Schotsmans et al.’s GPR
survey as well as conducted a geophysical survey of its own to determine what factors hinder
or improve reflection strength and whether this can be applied to actual archaeological
investigations. Ultimately, while the factors deduced and outlined in this study can be taken
into consideration when conducting a GPR survey in a non-controlled setting, it is important
to note that the geophysical survey presented challenges despite being in a controlled
environment and it was difficult to confirm whether hyperbolic reflections were a result of the
burial or other subsurface anomalies such as tree roots. The clear indicator to determine
whether it was in fact a grave was knowing the grave floor depth and the approximate grave
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location, nevertheless, in real archaeological investigations, grave floor depth and grave
location is often unknown and hyperbolic reflections can be confused with roots and rocks,
especially in a forested environment.

Nonetheless, future research involving the processing and interpretation of raw GPR data must
consider firstly using compatible equipment and software, as well as recognising the sensitivity
of geophysical equipment and what factors may hinder detection success as it can potentially
compromise recorded data. Future research involving the detection of clandestine graves using
geophysical tools like GPR must learn to master the theoretical and practical principles of
geophysical instruments like GPR as its aid in both archaeological and forensic research is
promising. Furthermore, continued geophysical research is necessary to determine whether
archaeological burials can be detected with GPR in un-controlled archaeological
investigations. It is evident that controlled research involving GPR does not entirely consider
the challenges these surveys would face in an uncontrolled environment and whether successful
detection would apply to such cases. This research has determined that mummified and
naturally decomposing remains with or without lime or gypsum can be detected using GPR in
a controlled environment, and future studies identifying other burial scenarios can assume that
GPR is an appropriate, non-invasive and accurate tool for such prospection.
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Appendix A - Field Photographs:
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Fig.1. Plot identification for donor 17-01 (mummified donor).

Fig. 2. East facing location shot of 17-01 showing 5x5 plot and vegetation after partial removal. GPR survey
grid constructed with stringline tied to metal stilts on north and south facing corners of plot. Alternating pink
and green flagging tape was tied in 0.5m intervals forming 10 transects to measure with the GPR.
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Fig. 3. North facing close up of 17-01 showing the GPR grid and vegetation post partial removal. Fence is
also visible.

Fig. 4. South facing shot of 17-01 showing the GPR grid and the vegetation post partial removal. The
trail alongside the burial plots is also partially visible.
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Fig. 5. South facing shot of grave containing donor 17-01. Grave edges are marked by pink paint.
Vegetation within grave is relatively sparse with exception to a small green shrub SE of the grave.

Fig. 6. Close up detailed shot of vegetation within burial plot containing 17-01. Evident of mostly dry leaf
litter surrounding the plot.
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Fig. 7. East facing close up shot of vegetation prior to partial removal within burial plot containing 17-01.
Noticeable differences can be seen in comparison to figure 3. For example, there are various small trees
and shrubs, and leaf litter appears to be significantly less prominent.

Fig. 8. Close up shot of vegetation prior to partial removal within burial plot containing 17-01.
Considerably less leaf litter is visible here with more tall grass, small shrubs and young trees present.

164

Figure
Fig. 9. East facing shot of grave containing donor 17-01. Grave edges are marked by pink paint. Depicts
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Fig. 10. Plot Identification for donor 17-04 (control donor).
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Fig. 11. East facing detail shot of 17-04 showing 5x5 plot and vegetation after partial removal.

Fig. 12. East facing detail shot of plot containing donor 17-04 prior to partial removal of vegetation.
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Fig. 13. Close up of grave containing 17-04 prior to partial removal of vegetation. Densely vegetated with tall
grass concealing any evidence of the grave.

Fig. 14. Additional detail shot of 17-04 showing entirety of vegetation cover prior to partial removal.
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Fig. 15. East facing close up of grave containing donor 19-04. Note the off-centre ‘sinkhole’ exposing skeletonised
human remains. Hole likely caused by a combination of sunken soil and scavenger intervention. Grave edges marked
by pink paint.

Fig. 16. North facing close up of grave containing donor 19-04. ‘Sinkhole’ is visible from a different angle. Grave
edges marked by pink paint.
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Fig. 17. Detailed shot of grave showing sinkhole exposing the skeletonised remains of donor 17-04. Femur and Tibia
are visible.

Fig. 18. Closeup detailed shot of grave showing sinkhole exposing the skeletonised remains of donor 17-04.
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Fig. 19. Plot Identification for empty control grave 17-04.

Fig. 20. East facing location shot of empty control grave plot 17-04 post partial removal of vegetation.
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Fig. 21. North facing location shot of empty control grave plot 17-04 post partial removal of vegetation.

Fig. 22. South facing location shot of empty control grave plot 17-04 post partial removal of vegetation.
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Fig. 23. Close up shot of location of empty control grave 17-04 post partial vegetation removal. Grave perimeter
outlined in pink paint.

Fig. 24. North facing location shot of empty control grave plot 17-04 prior to partial vegetation removal. Grave itself not
visible from a distance despite being marked.
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Fig. 25. North facing close up shot of empty control grave 17-04 prior to partial vegetation removal. Grave perimeter
marked in pink paint.

Fig. 26. East facing close up shot of empty control grave 17-04 prior to partial vegetation removal. Grave
perimeter marked in pink paint.
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Fig. 27. Plot identification for donor 19-02 (control donor).

Fig. 28. East facing location shot of plot containing grave 19-02 post partial vegetation removal.
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Fig. 29. North facing location shot of plot containing grave 19-02 post patrial vegetation removal.

Fig. 30. South facing location shot of plot containing grave 19-02 post patrial vegetation removal.
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Fig. 31. Close up shot of grave containing donor 19-02 post partial vegetation removal. Grave perimeter outlined in
pink paint.

Fig. 32. East facing location shot of plot containing donor 19-02 prior to partial vegetation removal.
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Fig. 33. Close up detail shot of vegetation prior to partial removal within plot containing donor 19-02.

Fig. 34. Close up shot of grave containing donor 19-02 prior to partial vegetation removal.
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Fig. 35. Plot identification for donor 19-09 (mummified donor).

Fig. 36. East facing detail shot of plot containing donor 19-09 showing flourishing vegetation within grave
extents while no vegetation present on the outskirts of the grave. Note: no vegetation removal required within
this plot.
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Fig. 37. West facing detail shot of plot containing donor 19-09 showing lack of vegetation outside grave extents
while vegetation within the grave is visible.

Fig. 38. East facing shot of plot containing donor 19-09. Grave extents marked with pink paint highlighting the
presence of vegetation within the grave and lack of vegetation outside it.
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Fig. 39. East facing action shot of conducting GPR survey within plot containing donor 19-09.

Fig. 40. Reviewing data after recording directly over the grave of donor 19-09.
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Fig. 42. Plot identification for empty control grave 19-09.

Fig. 43. East facing close up shot of plot containing empty control 'grave' 19-09. No evidence of soil disturbance
based on ground surface observation. Note: Vegetation removal was not necessary for this plot.
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Fig. 44. East facing close up shot of empty control 'grave' 19-09. Grave perimeter marked in pink paint.

Fig. 45. North facing close up shot of empty control 'grave' 19-09. Grave perimeter marked in pink paint.
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Fig. 46. West facing close up shot of empty control 'grave' 19-09. Grave perimeter marked in pink paint.

Fig. 47. East facing action shot of collecting data in plot containing empty control grave 19-09. Survey used
two GPR units: MALÅ ProEx & GSSI Utility Scan.
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Fig. 48. Plot identification for donor 19-14 (donor buried with lime).

Fig. 49. South-east facing location shot of plot containing donor 19-14. Not: Removal of vegetation was not
necessary for this plot.
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Fig. 50. West facing close up shot of grave containing donor 19-14. Vegetation present within the grave while
lack of vegetation outside grave extents.

Fig. 51. North-west facing close up shot of grave containing donor 19-14. Vegetation present within the grave
while lack of vegetation outside the grave extents.
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Fig. 52. Plot identification for donor 19-16 (donor buried with gypsum).

Fig. 53. West facing shot of plot containing donor 19-16. Not: vegetation removal was not necessary for this
plot.
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Fig. 54. East facing close-up shot of grave containing donor 19-16/ Perimeter of grave outlined in pink paint.
Vegetation clearly visible within the grave while lack of vegetation outside of grave extent.

Fig. 55. North facing close-up shot of grave containing donor 19-16.
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Fig. 56. Pictured (Left to right) GPR units used to perform survey: MALÅ ProEx with 500MHz antenna, GSSI
Utility scanner with 500 MHz antenna.

Fig. 57. Pictured (Left to right): Antonella Skepasianos and Dr Amy Dougherty comparing signal strengths
of two MALÅ ProEx GPR systems.
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Fig. 58. Calibrating MALÅ ProEx GPR.

Fig. 59. Dr. Amy Dougherty conducting the set-up of the MALÅ GPR provided by UTS.
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Fig. 60. Demountable used as fixed datum points to orientate total station. Markers were created with tape
and marked with a red crosshair (circled).

Fig. 61. Shed used as fixed datum point to orientate total station (circled).
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Figure 62. Close-up of shed used as fixed datum point (circled).

Fig. 63. Fence pole used as fixed point to orientate total station (circled).
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Appendix B - Field Notes:
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Fig. 1. Onsite notes of GPR survey over 17-04 (control donor) and file name for each transect that
was recorded.

Fig. 2. Onsite notes of GPR survey over 17-04 (empty control grave) and file name for each
transect that was recorded.
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Fig. 3. Onsite notes of GPR survey over 17-01 (mummified donor) and file name for each transect
that was recorded.

Fig. 4. Onsite notes of GPR survey over 19-02 (control donor) and file name for each transect that was
recorded.
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Fig. 5. Onsite notes of GPR survey over 19-14 (donor covered in lime) and file name for each
transect that was recorded.

Fig. 6. Onsite notes of GPR survey over 19-09 (empty control grave) and file name for each
transect that was recorded.
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Fig. 7. Onsite notes of GPR survey over 19-09 (mummified donor) and file name for each transect
that was recorded.

Fig. 8. Onsite notes of GPR survey over 19-16 (donor covered in gypsum) and file name for each
transect that was recorded.
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Fig. 9. On site notes of total station survey.
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Appendix C – Raw and Processed MALÅ ProEx Data:
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Fig. 1. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing mummified
donor (summer cycle), 17-01.

Fig. 2. Raw (top) and processed (bottom) red/blue scale data of transect 3 taken over burial plot containing mummified
donor (summer cycle), 17-01.
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Fig. 3. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing mummified
donor (summer cycle), 17-01.

Fig. 4. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing mummified
donor (summer cycle), 17-01.
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Fig. 5. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot containing mummified
donor (summer cycle), 17-01.

Fig. 6. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing mummified
donor (summer cycle), 17-01.
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Fig. 7. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing mummified
donor (summer cycle), 17-01.

Fig. 8. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing mummified
donor (summer cycle), 17-01.
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Fig. 9. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing mummified
donor (summer cycle), 17-01.
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Fig. 10. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing mummified donor
(summer cycle), 17-01.

Fig. 11. Raw (top) and processed (bottom) greyscale data of transect 3 taken over burial plot containing mummified donor
(summer cycle), 17-01.
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Fig. 12. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containing mummified donor
(summer cycle), 17-01.

Fig. 13. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing mummified donor
(summer cycle), 17-01.
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Fig. 14. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing mummified donor
(summer cycle), 17-01.

Fig. 15. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing mummified donor
(summer cycle), 17-01.
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Fig. 16. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing mummified donor
(summer cycle), 17-01.

Fig. 17. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing mummified donor
(summer cycle), 17-01.
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Fig. 18. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing mummified donor
(summer cycle), 17-01.
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Fig. 19. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing control donor,
17-04.

Fig. 20. Raw (top) and processed (bottom) red/blue scale data of transect 3 taken over burial plot containing control donor,
17-04.
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Fig. 21. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing control donor,
17-04.

Fig. 22. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing control donor,
17-04.
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Fig. 23. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot containing control donor,
17-04.

Fig. 24. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing control donor,
17-04.
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Fig. 25. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing control donor,
17-04.

Fig. 26. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing control donor,
17-04.
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Fig. 27. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing control
donor, 17-04.
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Fig. 28. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing control donor,
17-04.

Fig. 29. Raw (top) and processed (bottom) greyscale data of transect 3 taken over burial plot containing control donor,
17-04.
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Fig. 30. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containingcontrol donor,
17-04.

Fig. 31. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing control donor,
17-04.
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Fig. 32. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing control donor,
17-04.

Fig. 33. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing control donor,
17-04.
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Fig. 34. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing control donor,
17-04.

Fig. 35. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing control donor,
17-04.
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Fig. 36. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing control donor,
17-04.

Fig. 37. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 38. Raw (top) and processed (bottom) red/blue scale data of transect 3 taken over burial plot containing empty control
grave, 17-04C.

Fig. 39. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 40. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing empty control
grave, 17-04C.

Fig. 41. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 42. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing empty control
grave, 17-04C.

Fig. 43. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 44. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing empty control
grave, 17-04C.

Fig. 45. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 46. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing empty control
grave, 17-04C.

Fig. 47. Raw (top) and processed (bottom) greyscale data of transect 3 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 48. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containing empty control
grave, 17-04C.

Fig. 49. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 50. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing empty control
grave, 17-04C.

Fig. 51. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 52. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing empty control
grave, 17-04C.

Fig. 53. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 54. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing empty control
grave, 17-04C.
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Fig. 55. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing control donor,
19-02.

Fig. 56. Raw (top) and processed (bottom) red/blue scale data of transect 3 taken over burial plot containing control donor,
19-02.
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Fig. 57. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing control donor,
19-02.

Fig. 58. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing control donor,
19-02.
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Fig. 59. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot containing control donor,
19-02.

Fig. 60. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing control donor,
19-02.
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Fig. 61. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing control donor,
19-02.

Fig. 62. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing control donor,
19-02.
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Fig. 63. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing control
donor, 19-02.
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Fig. 64. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing control donor,
19-02.

Fig. 65. Raw (top) and processed (bottom) greyscale data of transect 3 taken over burial plot containing control donor,
19-02.
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Fig. 66. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containing control donor,
19-02.

Fig. 67. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing control donor,
19-02.
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Fig. 68. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing control donor,
19-02.

Fig. 69. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing control donor,
19-02.
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Fig. 70. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing control donor,
19-02.

Fig. 71. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing control donor,
19-02.
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Fig. 72. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing control donor,
19-02.
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Fig. 73. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing mummified
donor (winter cycle), 19-09.

Fig. 74. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing
mummified donor (winter cycle), 19-09.
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Fig. 75. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing mummified
donor (winter cycle), 19-09.

Fig. 76. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot containing
mummified donor (winter cycle), 19-09.
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Fig. 77. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing mummified
donor (winter cycle), 19-09.

Fig. 78. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing mummified
donor (winter cycle), 19-09.
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Fig. 79. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing mummified
donor (winter cycle), 19-09.

Fig. 80. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing mummified
donor (winter cycle), 19-09.
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Fig. 81. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing mummified donor
(winter cycle), 19-09.

Fig. 82. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containing mummified donor
(winter cycle), 19-09.
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Fig. 83. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing mummified donor
(winter cycle), 19-09.

Fig. 84. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing mummified donor
(winter cycle), 19-09.
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Fig. 85. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing mummified donor
(winter cycle), 19-09.

Fig. 86. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing mummified donor
(winter cycle), 19-09.
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Fig. 87. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing mummified donor
(winter cycle), 19-09.

Fig. 88. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing mummified donor
(winter cycle), 19-09.
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Fig. 89. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing empty control
grave, 19-09C.

Fig. 90. Raw (top) and processed (bottom) red/blue scale data of transect 3 taken over burial plot containing empty control
grave, 19-09C.
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Fig. 91. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing empty control
grave, 19-09C.

Fig. 92. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing empty
control grave, 19-09C.
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Fig. 93. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot containing empty control
grave, 19-09C.

Fig. 94. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing empty
control grave, 19-09C.
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Fig. 95. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing empty control
grave, 19-09C.

Fig. 96. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing empty control
grave, 19-09C.
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Fig. 97. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing empty control
grave, 19-09C.
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Fig. 98. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing empty control
grave, 19-09C.

Fig. 99. Raw (top) and processed (bottom) greyscale data of transect 3 taken over burial plot containing empty control
grave, 19-09C.
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Fig. 100. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containing empty
control grave, 19-09C.

Fig. 101. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing
empty control grave, 19-09C.
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Fig. 102. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing empty control
grave, 19-09C.

Fig. 103. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing empty
control grave, 19-09C.
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Fig. 104. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing empty
control grave, 19-09C.

Fig. 105. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing empty
control grave, 19-09C.
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Fig. 106. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing empty control
grave, 19-09C.
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Fig. 107. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing donor buried
with hydrated lime, 19-14.

Fig. 108. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing donor buried
with hydrated lime, 19-14.
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Fig. 109. Raw (top) and processed (bottom) red/blue scale data of transect 10 taken over burial plot containing donor
buried with hydrated lime, 19-14.
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Fig. 110. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing donor buried with
hydrated lime, 19-14.

Fig. 111. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing donor buried with
hydrated lime, 19-14.
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Fig. 112. Raw (top) and processed (bottom) greyscale data of transect 10 taken over burial plot containing donor buried
with hydrated lime, 19-14.
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Fig. 113. Raw (top) and processed (bottom) red/blue scale data of transect 2 taken over burial plot containing donor buried
with gypsum, 19-16.

Fig. 114. Raw (top) and processed (bottom) red/blue scale data of transect 3 taken over burial plot containing donor buried
with gypsum, 19-16.
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Fig. 115. Raw (top) and processed (bottom) red/blue scale data of transect 4 taken over burial plot containing donor buried
with gypsum, 19-16.

Fig. 116. Raw (top) and processed (bottom) red/blue scale data of transect 5 taken over burial plot containing donor buried
with gypsum, 19-16.
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Fig. 117. Raw (top) and processed (bottom) red/blue scale data of transect 6 taken over burial plot
containing donor buried with gypsum, 19-16.

Fig. 118. Raw (top) and processed (bottom) red/blue scale data of transect 7 taken over burial plot containing
donor buried with gypsum, 19-16.
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Fig. 119. Raw (top) and processed (bottom) red/blue scale data of transect 8 taken over burial plot containing donor buried
with gypsum, 19-16.

Fig. 120. Raw (top) and processed (bottom) red/blue scale data of transect 9 taken over burial plot containing donor buried
with gypsum, 19-16.
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Fig. 121. Raw (top) and processed (bottom) greyscale data of transect 2 taken over burial plot containing donor buried with
gypsum, 19-16.

Fig. 122. Raw (top) and processed (bottom) greyscale data of transect 3 taken over burial plot containing donor buried with
gypsum, 19-16.
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Fig. 123. Raw (top) and processed (bottom) greyscale data of transect 4 taken over burial plot containing donor buried with
gypsum, 19-16.

Fig. 124. Raw (top) and processed (bottom) greyscale data of transect 5 taken over burial plot containing donor buried with
gypsum, 19-16.
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Fig. 125. Raw (top) and processed (bottom) greyscale data of transect 6 taken over burial plot containing donor
buried with gypsum, 19-16.

Fig. 126. Raw (top) and processed (bottom) greyscale data of transect 7 taken over burial plot containing
donor buried with gypsum, 19-16.
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Fig. 127. Raw (top) and processed (bottom) greyscale data of transect 8 taken over burial plot containing donor buried with
gypsum, 19-16.

Fig. 128. Raw (top) and processed (bottom) greyscale data of transect 9 taken over burial plot containing donor buried with
gypsum, 19-16.
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